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ABSTRACT
Depositional History of the Black Mountain Conglomerate, Mohave County, 
Arizona: Sedimentary Response to Miocene Extension
by
Michelle M. Williams
Dr. A.D. Hanson, Examination Committee Chair 
Assistant Professor of Geology 
University of Nevada, Las Vegas
This study documents the Miocene depositional and extensional history for the area 
west of Wilson Ridge in the Black Mountains, northwestern Arizona. The field area, part 
of the Basin and Range province, lies within an area that experienced northward 
migration of intense volcanism several million years prior to significant regional 
extension. Extension propagated northward through the northern Colorado River 
extensional corridor to the Lake Mead area. Clastic sedimentary rocks in the basin are 
linked to the extension of the region.
Documentation of the basin fill was conducted with the aim of determining whether 
sedimentary clasts can be tied to lithologies that are exposed along Wilson Ridge and 
whether there is an unroofing sequence preserved within the basin. Stratigraphie sections 
from four locations were measured to capture the vertical succession of clastic and 
volcanic rocks and correlated to determine the lateral variability within the basin. Data
111
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collected from these sections included changes in bedding orientation, clast compositions, 
paleocurrent directions, and provenance.
The clast types in the basin mirror the exposed rock types in the Wilson Ridge.
Clasts in the southernmost section of the basin are dominantly metamorphic clasts. Age- 
equivalent conglomerates in the northern most section have an evolving composition that 
changes from volcanic-dominated at the base of the section to plutonic-dominated at the 
top of the section. Paleocurrent and grain size measurements indicate that sediment was 
mainly derived from the east and transported to the west.
The lower member of the Black Mountain Conglomerate was deposited while 
deformation was occurring, and is folded into an open, gently southward plunging 
syncline. Fanning of sediments occurs in some localities adjacent to the Wilson Ridge. 
The upper member of the Black Mountain Conglomerate is post-tectonic and bedding is 
undeformed. Age and provenance relationships indicate the Wilson Ridge pluton was 
unroofed at a rate of ~4 mm/yr.
IV
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CHAPTER 1 
INTRODUCTION
Basin analysis is a valuable approach for understanding the history and evolution of a 
basin through time. Basins form in all types of tectonic settings, and external tectonic 
forces and the environment play a key role in basin development. By exploring a 
sedimentary basin, factors related to the regional evolution of an area, including 
tectonics, subsidence, and uplift, may be determined and documented.
The Basin and Range physiographic province, including the areas adjacent to the 
Colorado River, is an area of widespread Cenozoic continental extension, characterized 
by north-south trending mountain ranges and adjacent basins. Because the Basin and 
Range province the largest area of continental extension in the world (Leeder, 1995), and 
the evidence of the extension have been well preserved within the province, it is one of 
the best places to study extension in a continental setting (Faulds et al., 2001). The 
Cenozoic extensional history and deformation of the province has not been homogeneous 
and the initiation of deformation spans from the Eocene to the Holocene Epoch in 
different regions of the province.
The region around Las Vegas, Nevada, and Lake Mead lies within the central Basin 
and Range province (Fig. 1) (Wernicke, 1992). This major extensional domain has 
experienced extension during the past 15 million years as the Sierra Nevada block moved 
west relative to the Colorado Plateau at a rate of 20-30 mm/year (Wernicke et al., 1988).
1
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Figure 1. Regional location map of the study area (solid box) within the central
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The topography around Lake Mead, including the northern and central Black Mountains, 
Mohave County, Arizona, are typical of the Basin and Range province and reflects the 
most recent extension.
Research Goals
This study sheds light on the extensional history of one part of the Basin and Range 
province by documenting the Miocene depositional and extensional history of the area 
west of Wilson Ridge in the Black Mountains (Fig. 2). Because details of the rates and 
duration of extension in the area around Wilson Ridge have not been fully documented, 
our understanding of extension in this region is incomplete. The sedimentary basin 
analysis of this study focuses on the basin west of the Wilson Ridge in the Black 
Mountains, herein informally termed the Black Mountain basin, to document the Tertiary 
depositional history of the region (Fig. 2). This analysis becomes one piece of the 
regional extensional history puzzle for the area.
The hypothesis for this project is that the Black Mountain Conglomerate in the basin 
west of the Wilson Ridge was eroded from the Wilson Ridge and deposited in the Black 
Mountain basin as the Wilson Ridge was unroofed. If this hypothesis is correct, then the 
Black Mountain Conglomerate is linked to the tectonic development of the area, which is 
tied to the overall extension of the province.
Regional Significance
Fieldwork observations indicated that sedimentation in the basin occurred at the same 
time as faulting and uplifting of adjacent areas and that there was an unroofing sequence
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2. Generalized geologic map of the northern Colorado River extensional corridor. Faults: BF, Bighorn fault; DF, Detrital 
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in the Black Mountain basin (Fig. 3). These results therefore indicated that the 
stratigraphie record contained in the Black Mountain basin could be tied directly to uplift 
of the Wilson Ridge. Conglomerate clast counts from the Black Mountain Conglomerate 
provide evidence of an unroofing sequence and provide a direct link between the basin 
deposits and the uplift history of the Wilson Ridge pluton. By relating the timing of 
volcanism that both pre- and post-dates the deposition of clastic rocks, and by tying those 
clastic rocks to the rocks of the Wilson Ridge, the extensional tectonic history in this 
portion of the Basin and Range province is better constrained. Therefore, documentation 
of the sedimentary history of the basin also documented the tectonic record.
Finally, this project includes analyzing and documenting both the vertical and lateral 
variability that exists in a well-exposed extensional basin. Because extensional basins are 
important target areas for hydrocarbon exploration, an understanding of the lateral 
variation of facies in the basin is useful for determining the thickness and lateral extent of 
reservoirs. By documenting the lateral and vertical variability (the architecture of the 
basin fill) in the basin, this project may serve as an analog for subsurface basins, which 
are targets for hydrocarbon exploration.
Study Area Location
The study area is located approximately 50 miles southeast of Las Vegas, within the 
Lake Mead National Recreation Area. The north-south trending Black Mountains lay 
east of the Colorado River (Fig. 2), with the highest peak along the Wilson Ridge, Mount 
Wilson, at 5546 ft (1660 m) (Anderson, 1978). The Black Mountain basin, situated to the 
west-northwest of Mount Wilson, ranges in elevation from approximately 800 ft (200 m)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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near the Colorado River to nearly 3000 ft (900 m) at the foot of the Wilson Ridge 
(Anderson, 1978; Mills, 1994).
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CHAPTER 2
REGIONAL GEOLOGIC SETTING 
Geologic History
The Black Mountain basin lies within the northern Colorado River extensional 
corridor, a region that underwent extensive Miocene tectonic and magmatic events (Fig. 
2) (Faulds et al., 1990). The 70- to 100-km wide northern Colorado River extensional 
corridor includes the area bound by the relatively unextended Colorado Plateau to the 
east, the Highland Spring Range to the west, the left-lateral Lake Mead Fault System and 
right-lateral Las Vegas Valley shear zone to the north, and extends to the latitude of the 
southern tip of Nevada (Fig. 2) (Faulds et al., 1990; Faulds et al., 1999; Faulds et al., 
2001). The crust within the entire northern Colorado River extensional corridor was 
significantly altered during the early to mid-Tertiary by northward migrating episodes of 
magmatism followed by extension (Faulds et al., 1999; Faulds et al., 2001). While some 
magmatic and extensional episodes occurred concurrently, '*°Ar/^^Ar dating determined 
that magmatism preceded extension by 1-4 m.y. in most of the areas (Faulds et al., 1999; 
Faulds et al., 2001). Therefore magmatism was not driven by the regional upper crustal 
extension (Faulds et al., 1999; Faulds et al., 2001).
Miocene magmatism within the Lake Mead area can be divided into three stages of 
activity: pre-extension, pre- to synextension, and syn- to postextension (Faulds et al., 
2001). The first stage of magmatism began as early as 22 Ma and migrated northward at
9
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about 2.4 cm/yr, slowing to less than 1 cm/yr as magmatism neared the Lake Mead area 
(Faulds et al., 1999; Faulds et al., 2001). This magmatism includes the oldest flows of 
the Patsy Mine Volcanics, and is characterized by calc-alkaline to mildly alkaline maflc 
to intermediate magmas. The second stage of magmatism includes calc-alkaline, mildly 
alkaline, maflc, intermediate and felsic magmas, and the flows are dated as young as 15 
Ma. Magmatism peaked during this pre- to synextensional stage and then gradually 
decreased as it continued to migrate northward (Faulds et al., 2001). The flnal stage of 
magmatism, characterized by tholeiitic and alkaline basalts, ceased around 11 Ma in the 
southern areas of the northern Colorado River extensional corridor, but continued until 
around 4 Ma in the northern Lake Mead area (Faulds et al., 1999; Faulds et al., 2001).
This stage includes such flows as the Mt. Davis Volcanics, Malpais Flattop basalts. 
Calville Mesa, and the Fortification Hill basalts (Faulds et al., 2001). Miocene-aged 
plutons, such as the Wilson Ridge pluton, were emplaced during all three stages as part of 
the magmatism that migrated northward through the Lake Mead area (Mills, 1986; 1994; 
Faulds et al., 2001).
East-west extension commenced around 16 Ma near the Black Mountain 
accommodation zone and migrated northward at a rate of -1.1 cm/yr reaching the Lake 
Mead/Black Mountain basin area around 13 Ma (Fig. 2) (Faulds et al., 1999; Faulds et al., 
2001). Prior to the Miocene extension. Paleozoic and Mesozoic sedimentary rocks were 
significantly eroded and stripped off Precambrian basement rocks in the southern Lake 
Mead area (Bohannon, 1984). Regional extension peaked around 15 Ma near the Black 
Mountain accommodation zone and as late a 13-11 Ma in the western Lake Mead area 
(Faulds et al., 1999; Faulds et al., 2001). By 11 Ma, extension was on the decline in the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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southern areas, continuing as late as 8 Ma in the western Lake Mead area (Faulds et al., 
1999; Faulds et al., 2001). This significant extensional period created the basin and range 
topography, providing accommodation space for sediments and volcanic flows to 
accumulate in the basins (e.g., Duebendorfer and Wallin, 1991; Duebendorfer et al.,
1998).
Structural Framework 
Within the northern Colorado River extensional corridor two structurally distinct 
domains have been described, the Lake Mead domain and the Whipple domain (Faulds, 
1999; Faulds et al., 2001). The Lake Mead domain is characterized by west-dipping low- 
and high-angle normal faults and east-tilted sedimentary and volcanic strata (Faulds et al., 
1990; Faulds, 1999; Faulds, et al., 2001). The southern (Whipple) domain, on the other 
hand, has west-tilted strata associated with east-dipping detachment faults (Faulds et al., 
1990; Faulds, 1999; Faulds, et al., 2001). The approximately 15,000 km^ Lake Mead 
domain and the more than 25,000 km  ̂of the Whipple domain are separated by, and 
terminate at, the east-northeast trending Black Mountain accommodation zone, located 
between Malpais Flattop and the northern tip of Lake Mohave (Fig. 2) (Faulds et al., 
1990). Though structurally different, Miocene extension significantly affected both 
domains across the accommodation zone (Faulds et al., 2001). Within the 
accommodation zone, the two structural domains appear to overlap where both east- and 
west-tilted strata are present. The tectonic activity within the accommodation zone has 
been confined to between 16.4-13.1 Ma (Faulds et al., 1990).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The area of focus for this study lies exclusively in the Lake Mead domain, north of 
the Black Mountain accommodation zone (Fig. 2). The Van Deemen fault and the Saddle 
Island detachment are considered to be the major west-dipping, low-angle normal faults 
within the Lake Mead domain (Fig. 2) (Faulds et al., 1990; Faulds et al., 2001). The Van 
Deemen fault, in the southern Lake Mead domain, extends northward from the 
accommodation zone and continues east to the Eldorado Mountains (Fig. 2) (Faulds et al., 
1990; Faulds et al., 2001). The southern segment of the Van Deemem fault bounds the 
crystalline basement rock of the Black Mountains on the west and are responsible for a 
significant amount of displacement (as much as 6 km) throughout the Malpais Flattop 
area (Fig. 2) (Faulds et al., 2001). Basement rocks in the footwall of the fault appear to 
be continuous northward along the Wilson Ridge (Faulds et al., 1990).
The Saddle Island detachment fault is exposed around Saddle Island and in the River 
Mountains, west of the Boulder Basin (Fig. 2) (Duebendorfer et al., 1990). Interpretation 
of chemical analyses on the volcanic rocks of the River Mountains and other regional 
volcanic and plutonic events led to the conclusion that the volcanic rocks of the River 
Mountains and the plutonic phases of the Wilson Ridge pluton are part of the same 
volcanic system (Duebendorfer et al., 1990). Motion along the Saddle Island detachment 
is loosely constrained between 13.5 Ma (emplacement of the Wilson Ridge pluton) and 
prior to active sedimentary and volcanic accumulation within the regional basins (-10-9 
Ma) (Duebendorfer et al., 1990; Faulds, 1993).
Duebendorfer et al. (1990) propose that the Saddle Island detachment transported the 
River Mountains to the west, exposing the Wilson Ridge. An alternate interpretation of 
the separation between the River Mountain and the Wilson Ridge pluton is the result of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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southwest lateral movement along the Lake Mead fault system (Fig. 2) (Anderson et al., 
1994). Anderson et al. (1994) concludes that the River Mountains initially were located 
at the extreme northern end of the Black Mountains and that while there may have been 
some local detachment movement, there is insufficient evidence to support that the 
Saddle Island detachment is a major structural feature in the Lake Mead area.
The low-angle detachment fault systems in the Lake Mead domain, regardless of their 
regional significance, have been crosscut by later episodes of relatively N-S trending, 
high-angle normal faults in the Lake Mead area (Mills, 1985). Fault data collected 
around Hoover Dam document paleostress changes of the primary stress orientation 
during successive Miocene episodes of extension, from a northeast-southwest orientation 
to a northwest-southeast orientation (Angelier et al., 1985). This rotation was proposed 
to be cause by either a clockwise rotation due to extension or a counter-clockwise tilting 
of the actual rocks units (Angelier et al., 1985). However, study of the paleostress fields 
around Hoover Dam record a strong relationship between dip-slip and strike-slip motion, 
indicating that the normal and strike-slip regional faulting were part of the same tectonic 
regime (Angelier et al., 1985; Duebendorfer and Wallin, 1991; Duebendorfer et al.,
1998). Therefore the paleostress changes were proposed to be associated sinistral motion 
along the Lake Mead fault zone located just north of the Hoover Dam area (Angelier et 
al., 1985).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 3
STRATIGRAPHIC AND VOLCANIC DESCRIPTIONS 
Sediment Source Areas 
Precambrian rocks compose the cores of numerous ranges and structural blocks in 
southeastern Nevada and northwestern Arizona (Anderson, 1978; Mills, 1985, 1994). 
Within the Black Mountains, the Precambrian basement rocks, dated 1.72 -  1.80 Ga, 
(Condie, 1982) are exposed mainly along the southern end of Wilson Ridge, and consist 
mostly of strongly banded gneiss, many with granitic compositions, composed largely of 
quartz, hornblende, biotite and almandine(?) garnet (Longwell, 1963; Anderson, 1978; 
Mills, 1985, 1994; Feuerbach, 1986). Smaller amounts of micaceous and chlorite schist, 
medium- to coarse-grained granite and pegmatite also make up the basement rocks 
(Anderson, 1971; Mills, 1985, 1994). Foliation planes within the schist in these rocks 
have a northerly strike and a generally steep dip (Mills, 1994). These mostly 
metamorphic basement rocks have been strongly altered, by large Tertiary hypabyssal 
and granitic plutons (Mills, 1985,1994).
The largest pluton of the southern Lake Mead region, the Wilson Ridge pluton, 
intruded into the Precambrian basement rocks of the northern and central Black 
Mountains (Smith et al., 1990). The Wilson Ridge pluton was emplaced around 13.5 -  
13.4 Ma (K-Ar methods, Larson and Smith, 1990) and 13.1-13.2 Ma ("**̂ Ar/̂ Âr 
methods, Faulds et al., 1999). The intermediate, calc-alkalinic compositions of the
14
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Wilson Ridge pluton, which ranges from granite to diorite, are the result of mixing large 
amounts of mafic magma with minor amounts of felsic magma (Larsen, 1989; Larsen and 
Smith, 1990). Geochemical analyses on the Wilson Ridge pluton and regional volcanic 
suites established a cogenetic relationship with the volcanic rocks in the River 
Mountains, approximately 20 km to the west (Feuerbach, 1986; Larsen, 1989; Larsen and 
Smith, 1990; Smith et a l, 1990).
The majority of the Wilson Ridge pluton is made up of the Teakettle Pass suite (TPS), 
a plutonic suite composed of quartz monzonite, quartz monzodiorite, and monzodiorite 
(Larsen, 1989; Larsen and Smith, 1990). Textures within the TPS quartz monzonites 
range from fine- to coarse-grain (Larsen, 1989; Larsen and Smith, 1990). The medium- 
to coarse-grained phases formed deeper in the magma chamber, whereas the pluton was 
capped by a hypabyssal phase (Feuerbach, 1986). The range of textures has been 
exposed as the result of the relative motion along the high-angle normal faults that have 
cross-cut the pluton (Feuerbach, 1986). Generally speaking, these phases are found 
sequentially along Wilson Ridge in a transect from the north end of the ridge to the south 
where they are in intrusive contact with the Precambrian basement rocks (Fig. 2) (Smith 
et al., 1990). A second, minor unit, the Horsethief Canyon diorite is exposed only near 
the margins of the pluton (Larsen, 1989; Larsen and Smith, 1990).
Numerous north-northwest trending dikes intrude the Wilson Ridge pluton, with 
compositions ranging from basalt, lamprophyre, and dacite in the hypabyssal phases to 
granite porphyry and white aplite in the medium- and coarse-grained plutonic phases 
(Feuerbach, 1986; Smith et al., 1990). These dikes range in size from less than a meter to 
over 10 meters wide and some extend in length for over a kilometer (Feuerbach, 1986).
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Dike characteristics, composition, and orientation appear to be related to regional 
faulting.
Movement along the west-dipping Saddle Island detachment fault during the 
Miocene, followed by a series of north-trending, high-angle normal faults, developed the 
present-day domino-tilt blocks topography of the pluton (Smith et al., 1990). Each 
faulting event appears to have had an associated dike emplacement, and an estimated 400 
dikes are calculated to accommodate 20% extension within the pluton region (Feuerbach, 
1986; Smith et al, 1990).
Fluid mineral alteration along high-angle joints, fractures, and along dike contacts is 
common within the Wilson Ridge pluton (Mills, 1985,1994; Potts, 2000). Analyses by 
Potts (2000) indicate that the mineralization, informally terms as blue amphibole, has a 
hydrothermal origin. Blue amphibole refers to all compositions of sodic, sodic-calcic, 
and alkali amphiboles, including magnesio-riebeckite, winchite and crossite (Potts,
2000). Riebeckite, commonly found in igneous rocks such as granites, is characterized 
by its fibrous amphibole habit and medium blue color (Klein and Hurlbut, 1993). Na- 
metasomatism, a metamorphic transformation of minerals due to the introduction or 
extraction of minerals into or from the whole-rock (Winter, 2001), is the proposed 
mechanism for the post-magmatic mineralization within the Wilson Ridge pluton (Potts, 
2000).
Other smaller plutons within the Hoover Dam area include the Paint Pots pluton and 
the Boulder City pluton. The highly altered, medium-grained to hypabyssal monzonite 
Paint Pots pluton crops out southwest of Fortification Hill and on the northwestern tip of 
Promontory Point (Mills, 1985, 1994). Due to the high degree of alteration, an absolute
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age or an age relationship with the Wilson Ridge Pluton has not been determined (Mills, 
1985,1994). The pluton, however, appears to intrude the Tuff of Hoover Dam (13.9 Ma) 
and Switchyard Basalt and is overlain by the Black Mountain Conglomerate, providing 
relative age and nonconformable relationships.
The Boulder City pluton, described as a composite of equigranular to porphyritic 
monozonite, quartz monozonite and granite, crops out southwest of Hoover Dam (Mills 
1994). The pluton has been intruded and altered by basaltic to dacitic dikes and the 
Sugarloaf dacite dome (Mills, 1985,1994). The Boulder City pluton yielded a K/Ar age 
of 13.8 ± 0.06 Ma (Anderson et al, 1972).
A major difference is observed in the stratigraphy to the north and south of Lake 
Mead. On the northern side of Lake Mead, thick layers of Paleozoic and Mesozoic 
sedimentary rocks are exposed sandwiched between the Precambrian bedrock and 
Tertiary volcanic and sedimentary rocks (Bohannon, 1984). South of the lake, the 
Paleozoic and Mesozoic rocks are absent from the record and the oldest Tertiary strata lie 
unconformably on the Precambrian basement rocks (Anderson, 1971; Anderson et al, 
1972; Anderson, 1978; Angelier et al, 1985; Mills, 1985,1994). This unique 
stratigraphie sequence has been referred to as the ‘crystalline-volcanic terrain’ (CVT) 
(Angelier et a l, 1985)
The oldest lava flows in the southern Hoover Dam and Lake Mead areas are the Patsy 
Mine Volcanic rocks (Fig. 4) (Anderson, 1971). These lava flows, whose type location is 
in the Eldorado Mountains on the western side of the Colorado River, consist of dark 
colored basalts and andésites (Anderson, 1971; Anderson et a l, 1972; Mills, 1985,1994). 
The flows range from <1 to 15 meters thick and are interbedded with flow breccias.
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Figure 4. Generalized stratigraphie column of the different lithologie units in the 
southeastern Lake Mead/Hoover Dam area. Isotopic ages from Faulds et al. (1999) 
(modified from Mills, 1985).
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(Boulder City pluton(?)) (Mills, 1985, 1994). The measured thickness of the Dam 
Conglomerate varies from ~1 m to over 100 m at Hoover Dam, providing evidence of 
topographic relief within the depositional area (Mills, 1985, 1994). An angular 
unconformity also separates the Dam Conglomerate from the underlying Patsy Mine 
Volcanics (Mills, 1985). The unconformity provides evidence that regional faulting 
significantly affected the Patsy Mine Volcanics prior to the deposition of the Dam 
Conglomerate (Mills, 1985).
Lying mostly conformably on the Dam Conglomerate, the Tuff of Hoover Dam is a 
poorly- to moderately-welded ash-flow tuff that crops out exclusively around Hoover 
Dam (Mills, 1985, 1994). The base of the tuff has a ‘̂ ^Ar/^^Ar age of 13.9 ± 0.1 Ma 
(Faulds, et al., 1999), and contains phenocrysts of plagioclase, biotite and hornblende and 
xenoliths of Patsy Mine basalts and andésites (3 mm -  3 cm in diameter) with local 
plutonic clasts (Mills, 1985,1994). The tuff is thickest at Hoover Dam and pinches out 
within a three-mile radius (Mills, 1985, 1994). From thickening patterns and xenolith 
content, the Tuff of Hoover resembles other caldera deposits in the southwestern United 
States (Mills, 1985). Regional extension along northwest-striking normal faults, which 
have cross-cut the Dam Conglomerate, are proposed to have facilitated the eruption and 
developed some the basin’s uneven structure (Mills, 1985). In some areas a paleosol 
horizon has been identified above the Tuff of Hoover Dam indicating a local 
uncomformity between the Tuff of Hoover Dam and the overlying Spillway 
Conglomerate (Mills, 1985). In most areas, however, the paleosol horizon has been 
eroded away and the Tuff of Hoover Dam is overlain by either the Spillway 
Conglomerate or the Switchyard Basalt (Mills, 1985).
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Although it is stratigraphically younger, the well-stratified Spillway Conglomerate is 
lithologically similar to the Dam Conglomerate (Mills, 1985,1994). Three sub-units 
have been identified in the Spillway Conglomerate: a red, matrix- to clast-supported 
conglomerate; a clast-supported avalanche deposit of dacite boulders and cobbles; and a 
flow breccia from the Sugerloaf Dacite extrusion (Mills, 1985,1994). The Spillway 
Conglomerate has variable thickness and is comformably overlain by the Switchyard 
Basalt (Mills, 1985,1994). Two distinct lithologies compose the Switchyard Basalt: a 
thin, porphytic, light gray, olivine-rich basalt flow with small phenocrysts ( 1 -2  mm); 
and a dark gray to reddish-purple massive basalt flow with plagioclase and augite 
phenocrysts, lithologically very similar to the Patsy Mine Volcanics (Mills, 1985, 1994). 
The Switchyard Basalt does not exhibit a uniform measured thickness, and oscillates 
between thicker and thinner sections that may be the result of the development of 
considerable localized topographical relief prior to eruption (Mills, 1985,1994). The 
upper unit of the Switchyard Basalt is interbedded with a debris-flow breccia that grades 
into the Sugarloaf Dacite.
The Sugarloaf Dacite is a glassy to stony dacite with distinct flow bands and flow 
folds. It has a porphyritic texture and consists of hornblende, biotite and plagioclase 
phenocrysts, and glassy perlitic texture when unaltered (Mills, 1985,1994). This easily 
eroded unit varies from a lower gray, glassy base to a pink stony interior to a white dacite 
flow (Mills, 1985,1994). The Sugarloaf Dacite is observably faulted, so unit thickness is 
variable and difficult to accurately measure. The base of the Sugarloaf Dacite yielded a 
^Ar/^^Ar age of 13.11 ± 0.02 Ma (Faulds et al., 1999).
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Unconformably overlying the Sugarloaf Dacite is the massive Kingman Wash Road 
Basalt. Similar to the Switchyard Basalt, the Kingman Wash Road Basalt is a dark gray, 
olivine-rich basalt flow with highly altered phenocrysts and a reddish to locally greenish 
appearance on weathered surfaces (Mills, 1985, 1994). The flows have a rubbly base of 
rounded vesicular basalt clasts in a sandy clay matrix. The flows are interbedded with 
orange-colored, pebble to cobble-sized conglomeratic beds composed of 70-80% 
monzonite clasts, with local andésite and basalt clasts (Mills, 1985,1994). Isotopic 
dating of the basalt flows yielded a '*®Ar/̂ ^Ar age of 12.66 ±0.1 Ma (Faulds et al., 1999).
The youngest sedimentary unit identified in the Black Canyon Assemblage is the Dry 
Camp Conglomerate (Mills, 1985,1994). Distinguishable from the Spillway and the 
Dam conglomerates by its orange color, the Dry Camp Conglomerate is composed 
predominately by monzonite clasts, with minor amounts of andésite and basalt clasts 
(Mills, 1985,1994). Although identified as a distinct unit. Mills (1985) proposed that the 
Dry Camp Conglomerate may actually be the basal conglomerate of the Black Mountain 
Conglomerate.
Mount Davis Volcanics
Prominent within the southern areas of the Black Mountain basin are the extensive 
Mount Davis Volcanics. Identified as a series of volcanic and sedimentary units by 
Anderson (I97I), the Mount Davis Volcanics have an ‘̂‘̂ Ar/^^Ar age of 12.73 ± 0.30 Ma 
(Faulds et al., 1999). The volcanic flows range from rhyolite to basalt, interbedded with 
beds of tuff and coarse rubble (Anderson et al., 1972). Outcrops of the Mount Davis 
Volcanics are exposed to the west of Malpais Flattop (Anderson, 1978; Faulds, 1999).
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Callville Mesa Volcanics 
Within the northern Lake Mead area, the basaltic andésites of Callville Mesa are 
exposed (Feuerbach, et ah, 1991). The Callville Mesa volcanic field is located north of 
Lake Mead and the andésite flows are dated between 10.46 and 8.49 Ma (K/Ar age, 
Feuerbach et al., 1991). The flows locally underlie and are interbedded with the Red 
Sandstone unit (as defined by Bohannan, 1984) and are thought to have erupted during 
the late stages of the Red Sandstone basin development north of Lake Mead 
(Duebendorfer and Wallin, 1991; Feuerbach et al., 1991). Mills (1994) observed that the 
Callville Mesa basalts also overlie the Black Mountain Conglomerate south of Lake 
Mead.
Black Mountain Conglomerate 
The Black Mountain Conglomerate is the most extensive sedimentary unit in the 
basin south of Lake Mead and west of the Black Mountains. Initial descriptions of the 
Black Mountain Conglomerate defined the unit as the Muddy Creek Conglomerate, a unit 
exposed within the basins predominately north of Lake Mead (Anderson, 1978;
Bohannon, 1984; Mills, 1985).
The Black Mountain Conglomerate consists of coarse gravels containing angular 
fragments of Precambrian gneiss and schist, Wilson Ridge granitoid rocks and various 
volcanic rocks (Longwell, 1963; Mills, 1994). These gravels interfinger with, and grade 
into, layers of sand, silt and clay. Because the region had been significantly faulted, the 
conglomerate is not evenly distributed throughout the Black Mountain basin. In some 
areas the Black Mountain Conglomerate is in contact with exposed basement rocks where 
as in other areas it is deposited on volcanic units (Anderson, 1978; Mills, 1985, 1994).
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Anderson (1978) divided the Black Mountain Conglomerate into a lower and an 
upper member. The lower member is described as mostly coarse consolidated 
conglomerate beds with distinct sandstone interbeds. Anderson (1978) thought that the 
source of porphyritic granite clasts in the Black Mountain Conglomerate came from the 
north-northeast. The upper member is a poorly-sorted, poorly-stratified coarse 
fanglomerate consisting of metamorphic and plutonic clasts of border and interior phases 
of the Wilson Ridge pluton, with a source to the east (Anderson, 1978). The contact 
between the lower and upper members is locally defined by megabreccia deposits 
(Anderson, 1978).
Longwell (1963) first observed the occurrence of landslide breccia (megabreccia) in 
the area southeast of Lake Mead, and described it as the “exceptional unit of the Muddy 
Creek Formation.” Further studies, by Anderson (1978), have confirmed outcrops of 
megabreccias are exposed in deep washes in the basin west of the Black Mountains.
These landslides are thought to be derived from steep fronts on up-thrown blocks along 
active faults (Longwell, 1963).
The coarse breccia is comprised of Precambrian bedrock and granite of the Black 
Mountains with little to no matrix of weathered material (Anderson, 1978). Banding of 
the Precambrian gneiss is retained within the rock fragments; however, in detail the rocks 
are minutely shattered. Blocks of basalt from an older volcanic flow are also mixed in 
with the gneiss and granite blocks (Anderson, 1978). In the lower portion of the 
megabreccia, polished surfaces formed by abrasion have been observed (Longwell,
1963). Multiple megabreccias and landslide deposits have been identified throughout the 
Black Mountain basin area that display similar characteristics, however, the style of
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deposition and length of exposure varies locally (Longwell, 1963; Anderson, 1978; 
Faulds, 1999).
Fortification Hill Basalt 
The youngest volcanic units of the Lake Mead area are the thick, mesa-capping 
basalts of Fortification Hill. The massive, resistant, vesicular, gray basalt flows contain 
phenocrysts of olivine, augite, and plagioclase and appear to be unaltered (Mills, 1985, 
1994). The uplifted basalt flows lie unconformably on the Black Mountain 
Conglomerate and Wilson Ridge pluton along the western flanks of the Wilson Ridge 
(Mills, 1985,1994). The most recent K-Ar ages of the Fortification Hill basalts are 5.88 
4.73 (± 0.2) Ma (Feuerbach et al., 1991). These basalts may be part of an extensive 
volcanic system of dikes intruding into the basement and plutonic rocks (Mills, 1985, 
1994).
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CHAPTER 4
METHODOLOGY 
Field Investigation
Data were collected from several areas within the Black Mountain basin. The study 
area lies south of Fortification Hill, west of the Wilson Ridge, east of the Colorado River, 
and northeast of Malpais Flattop near Willow Beach along U.S. 93. This region of the 
basin is roughly 6 km wide and 25 km long (Fig. 2).
A basin analysis study was conducted which included documenting the dimensions of 
the basin, and measuring the thicknesses of lithostratigraphic units. Strata were measured 
and described and stratigraphie columns were created. Paleocurrent indicators were 
measured to determine paleoslope in order to identify topographic highs and sediment 
source areas for the basin deposits. Four stratigraphie sections were measured throughout 
the basin and used to document the deposition of the Black Mountain Conglomerate.
Bed thicknesses were measured, at the meter-scale, using a Jacob’s staff and a tape 
measure as described by Compton (1985). Bedding orientations were measured using the 
right-hand rule (A. D. Hanson, pers. comm., 2001).
Within each section conglomerate clast counts were performed and sedimentary 
structures were described. Conglomerate clast counts were statistically normalized and 
provide information for interpretations and conclusions regarding the source of the 
sediment. Clast counts were conducted every 20-50 m on average, but in some instances
26
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ranged as much as 100 m apart depending on the quality of the outcrop. These counts 
were performed in order to capture any compositional changes up section.
Paleocurrent directions were determined by measuring imbricated clasts and the 
orientation of channel axes. These data plotted on a rose diagram to determine 
paleoslope direction using methods described by Compton (1985). Many outcrops 
exhibited poor imbrications. The trend and plunge of the imbricated clasts were plotted 
on a stereonet using Stereonet software. The poles to the trends were then rotated until 
the bedding dips were horizontal. The normalized data were then plotted on a rose 
diagram. Sedimentary structures and textures were described to determine the 
depositional processes and depositional environments of the basin. Finally a subsidence 
history analysis was preformed using BasinMod 1-D software, a basin-modeling program 
from Platte River Associates, Inc.
Laboratory Analysis
Petrography of sandstones that are interbedded with the upper and lower sections of 
the Black Mountain Conglomerate was documented in the laboratory by sandstone point- 
counts. Nineteen sandstone samples were collected from the four stratigraphie sections 
and made into thin sections. Thin sections were stained for plagioclase and potassium 
feldspar. Sandstone grains were counted and statistically analyzed using the Gazzi- 
Dickinson method (Dickinson, 1970; Ingersoll et al., 1984). For each slide a grid was set 
up to count 500 unique points (including mono- and polycrystalline minerals, lithics, 
matrix, and cement). The resulting data were plotted on various ternary diagrams.
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developed by Dickinson and Suczek (1979), to provide information about the provenance 
and interpret the specific regional tectonic setting.
An isotopic age for an ash layer located within a basal section of the lower member of 
the Black Mountain Conglomerate was determined using '̂ ^Ar/̂ ^Ar methods (McDougall 
and Harrison, 1999) at the Nevada Isotope Geochronology Laboratory. Twenty 
individual sanidine crystals plus synthetic K-glass and optical grade CaFi were irradiated 
for 14 hours at the Nuclear Science Center at Texas A&M University. Measured 
(‘*°Ar/̂ ^Ar)K values were 0.00 (± 0.0002). Ca correction factors were (^^Ar/^^Ar)ca = 2.67 
(± 2.70) X 10"* and (^^Ar/ ’̂Ar)ca = 6.82 (± 1.57) x lO t  J-factors (0.05% to 0.39% 
reproducibility) were determined by fusion of 3-5 individual crystals of Fish Tuff 
sanidine, with an age of 27.9 Ma (Steven et al., 1967; Cabula et al., 1986). Samples were 
fused using a 20-watt CO2 laser and run through a MAP 215-50 mass spectrometer. 
LabSPEC software was used to operate the sample stage, laser, extraction line and mass 
spectrometer, and determine final data reductions and age calculations.
An ash (tephra) layer from the Malpais section was collected and analyzed chemically 
and petrologically. Approximately 20 glass shards from each sample were analyzed 
using a Cameca SX-50 electron probe at the University of Utah following analytical 
conditions described by Nash (1992). Estimated H2O content in the hydrated glass shards 
were also calculated using methods by Nash (1992).
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CHAPTER 5 
STRATIGRAPHY
Four measured stratigraphie sections that record vertical and lateral variability of 
strata within the Black Mountain basin are shown on Fig. 5. The location of the 
measured transects are shown on Plate 1. No other published measured sections from the 
Black Mountain basin currently exist.
Geologic maps and unit descriptions previously published by Anderson (1978),
Faulds (1999), and Mills (1985, 1994) were used to locate the measured stratigraphie 
transects and define the sedimentary and volcanic units. Anderson’s (1978) descriptions 
of the upper and lower members of the Black Mountain conglomerate were often hard to 
utilize in the field; presumed contacts between these two members are noted on the 
stratigraphie sections. The clearest contact between these two units lies in the section 
measured adjacent to Highway 93 where, according to Anderson (1978), megabreccia 
units define the contact between the lower and upper members of the Black Mountain 
Conglomerate (Plate 1 and Fig. 5).
This chapter describes the rock units and general characteristics of the four sections 
within the Black Mountain basin. More detailed descriptions of each section are included 
in Appendix A. The lithologies of the clasts that compose the sedimentary units within 
the Black Mountain basin were identified through conglomerate clast counts. A clast was 
initially determined to be volcanic, plutonic or metamorphic, and within each category
29
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Figure 5. Measured stratigraphie sections showing vertical and lateral variabilty of 
sedimentary and volcanic units within the Black Mountain basin. Figures 6,13,18 and 
21 document the conglomerate clast count locations, sandstone sample locations, and 
paleocurent data within the four measured sections.
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the clast was tallied based on observable physical characteristics. Clasts identified as 
volcanic clasts were separated by color (red, gray, black, brown, and green) and other 
observable characteristics such as vesiculated, phenocrystic, and ash. Plutonic clasts 
were initially divided by crystal-size, color, and presence of mineral alteration. 
Metamorphic clasts were identified as gneiss, garnet gneiss, schist, or amphibolite. 
Appendix B includes a complete tally of all conglomerate clast counts conducted in the 
Black Mountain basin.
Northem/Black Canyon Assemblage Section 
An initial attempt at measuring a continuous section through the wash informally 
named the Dry Camp wash (Plate 1) (Smith, pers. comm., 2001) revealed numerous 
north-striking faults through the Black Canyon Assemblage units. Therefore, the final 
measured stratigraphie section was compiled by linking together measured intervals from 
unfaulted units beginning in the Patsy Mine Volcanics (Tpv) and continuing up through 
the Kingman Wash Road basalt (Tkw) and the lower (Tml) and upper (Tmu) members of 
the Black Mountain Conglomerate (Fig. 6). Samples for sandstone petrography were 
collected from the Black Canyon Assemblage sedimentary units and the lower member of 
the Black Mountain Conglomerate.
Patsv Mine Volcanics 
The Patsy Mine Volcanics (Tpv) are exposed at the base of the northem/Black 
Canyon Assemblage section (Fig. 6). The Patsy Mine (Tpv) unit consists of highly 
altered dark reddish-black, vesicular volcanic flows and flow breccias, and is 
unconformably overlain by the Dam Conglomerate.
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Figure 6. Measured stratigraphie column of the northem/Black Canyon Assemblage 
section in the Black Mountain basin. Rose diagrams show restored paleocurrent 
measurments. Conglomerate clast count data are compiled in Fig. 8.
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Dam Conglomerate 
The Dam Conglomerate (Tdc) is the oldest clastic unit in the Black Canyon 
Assemblage. The lower part of the Dam Conglomerate strata consist of medium- to 
coarse-grained, thinly-bedded, reddish-brown sandstone (Fig. 7), and coarsens upward 
into a clast-supported conglomerate with angular clasts ranging from a few centimeters to 
30 cm in diameter. This coarser upper section crops out as cliffs with relatively poor 
bedding. Beds dip 20° NE. Imbricated clasts record westerly paleocurrent directions 
(Fig. 6 and Appendix C). Clast types in the Dam Conglomerate consist of 
predominantly volcanic clasts (97%) with a minor amount of metamorphic clasts (3%) 
(Fig. 8). Patsy Mine Volcanic clasts were identified within the Tdc, reconfirming their 
relative age relationships. The entire Tdc deposit is 20 meters thick (Fig 6).
Tuff of Hoover Dam 
The vesicular, highly weathered, massive outcrops of the Tuff of Hoover Dam 
(Thd) rest conformably on the Dam Conglomerate. The Tuff of Hoover Dam separates 
the Dam Conglomerate from the Spillway Conglomerate (Fig. 6).
Spillwav Conglomerate 
The Spillway Conglomerate is a thin (4-meter thick) conglomerate. The blocky, 
thickly bedded (when visible) conglomerate, consisting of 100% angular volcanic clasts 
within a reddish brown matrix (Fig. 8), is similar to the Dam Conglomerate, except that 
the Spillway Conglomerate is matrix-supported (Fig. 9). The Spillway Conglomerate 
dips 36° E. Paleocurrents derived from imbricated clasts indicate flow to the southwest 
(Fig. 6).
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Figure 7. Outcrop of the Dam Conglomerate in the northem/Black Canyon Assemblage 
section (hammer head is 17.5 cm long).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 9. Blocky outcrop of the Spillway Conglomerate in the northem/Black Canyon 
Assemblage section (hammer is 28.5 cm long).
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Switchyard Basalt. Sugarloaf Dacite and Kingman Wash Road Basalt 
The overlying thick volcanic flows of the Switchyard Basalt (Tsb) appear to consist 
of three different beds (Fig. 6). Red to black vesicular basalt lies at the base of the 
section. Thin, fissile gray beds overlie the basalt, and are capped by the altered olive- 
green to yellow-green uppermost layers which are overlain by the Sugarloaf Dacite (Tsd). 
Measuring a complete Sugarloaf Dacite section became difficult due to extreme faulting 
that has disrupted the unit. The 94.0 m section of the Sugarloaf Dacite was measured in 
an adjacent unfaulted area (Plate 1 and Fig. 6). The overlying Kingman Wash Road 
Basalt (Tkw) is highly weathered, faulted, and hydrothermally altered. The Tsb, Tsd, and 
Tkw units all preserve a relatively N-S strike direction and a moderate dip of 37“ E.
Black Mountain Conglomerate 
The most extensive and youngest beds measured in the northem/Black Canyon 
Assemblage section include both the lower and upper members of the Black Mountain 
Conglomerate, as defined by Anderson (1978). The lower member of the Black 
Mountain Conglomerate is a thick section of poorly bedded, matrix- and clast-supported 
conglomerate to fanglomerate deposits with minor coarse-grained sandstone beds (Fig.
10). An ash layer within the lower member crops out within the lower 48 meters above 
the basal contact with the Kingman Wash Road Basalt (Fig. 6). Sanidine crystals from 
the 1.0-1.5 meter ash layer produced an ^̂ °Ar/̂ ^Ar age of 11.72 ± 0.06 Ma (Fig. 11). 
Upsection from the ash layer the lower member of the Black Mountain Conglomerate 
was faulted, therefore the entire lower member of the Black Mountain Conglomerate was 
measured from the basal contact with the Kingman Wash Road Basalt to the contact with 
the upper member of the Black Mountain Conglomerate along an unfaulted transect
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
39
Figure 10. Poorly bedded outcrop of the lower member of the 
Black Mountain Conglomerate lower member in the northern/ 
Black Canyon Assemblage section. Field assistants are 1.7 m and 
1.6 m tall.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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(Plate 1). The lower member of the Black Mountain Conglomerate in this section is 590 
m thick (Fig. 6).
Near the contact with the Kingman Wash Road Basalt, the subangular to subrounded 
clasts have mostly volcanic lithologies with less than 15% plutonic lithologies (Fig. 8). 
The clast lithologies change upsection, to very few volcanic clasts and nearly 100% 
plutonic clasts with minimal amounts of metamorphic (gneissic) clasts (Fig. 8). The 
clasts also vary in size from less than 1 cm, to 6-7 cm, in diameter near the basal contact 
with the Kingman Wash Road Basalt, to 12-15 cm, with a maximum clast of 180 cm, in 
diameter, upsection. The matrix of the conglomerate also changes from red to a light-tan 
color, upsection.
The paleocurrent data from measured imbricated clasts throughout the Tml section 
show a change in direction about 200 m from the Tkw-Tml contact. Imbricated clasts 
from the basal part of the lower member of the Black Mountain Conglomerate show a 
paleoflow direction to the south-southwest, whereas the remainder of the section up to the 
contact with the upper member of Black Mountain Conglomerate shows a westerly flow 
direction (Fig. 6).
Bedding is poorly developed and limited outcrops are present. Near the basal contact 
with the Kingman Wash Road Basalt, the bedding dips are 15“ E. Upsection, however 
the bed dips gradually flatten to approximately 8-5 degrees near the inferred contact 
between the lower and upper members of the Black Mountain Conglomerate. In this part 
of the Black Mountain hasin, the lower member of the Black Mountain Conglomerate is 
deformed into an open, gently southward-plunging syncline.
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The upper memher of the Black Mountain Conglomerate outcrops is extremely poor 
and little information besides a plutonic-clast dominated clast count was attainable (Fig. 
8).
Upper White Rock Canyon Section 
The measured section in upper White Rock Canyon was measured from the Patsy 
Mine Volcanic unit through the Black Mountain Conglomerate along washes and up 
ridges to the highest elevation (Plate 1).
Patsv Mine Volcanics 
The highly altered, vesicular, dark-colored Patsy Mine Volcanics crop out at the base 
of the measured section (Figs. 12 and 13). Farther east in White Rock Canyon, the Patsy 
Mine Volcanics are faulted against Precambrian metamorphic basement rocks. 
Volcaniclastic sandstone and conglomerate beds were measured where they are 
interbedded with the Patsy Mine flows. The volcaniclastic beds are composed of 
subangular to subrounded volcanic clasts in a reddish-brown to purple matrix (Figs. 8 and 
14). The purple matrix resembles the dark color of the volcanic flows. The 
volcaniclastic beds dip about 41“ SW.
Black Mountain Conglomerate 
The basal portion of the lower member of the Black Mountain Conglomerate is 
deposited directly on the Patsy Mine volcanic rocks and thickens away from the contact 
(Fig. 15). The basal Black Mountain Conglomerate beds dip approximately 13“ W. 
Therefore, the dip direction of the Black Mountain Conglomerate differs from the dip
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Figure 13. Measured stratigraphie column of the White Rock Canyon section in the 
Black Motmtain basin. Rose diagrams show restored paleocurrent measurements. 
Conglomerate clast count data are complied in Fig. 8. Sandstone samples were not 
available for this section.
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Figure 14. Voleauic-clast dominated conglomerate beds within 
the Patsy Mine Volcanics at the base of the White Rock 
Canyon section (Jacob staff is 1.5 m long).
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Figure 15. Fanning of sediments commonly indicates syntectonic deposition (e.g., 
Bosence, 1998). (a) The sediments taper off and thin as they near the contact and thicken 
into the basin, (b) Fanning of sediments within the Black Mountain Conglomerate lower 
member along White Rock Canyon. Fanning is located directly above the depositional 
contact with the Patsy Mine Volcanics.
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direction of the conglomerate beds within the Patsy Mine Volcanics and thus the contact 
between the two units is an angular unconformity.
The lower member of the Black Mountain Conglomerate (Tml) consists of poorly 
hedded, clast-supported conglomerate beds, interbedded with coarse- to pebbly-sandstone 
lenses. The measured thickness of the lower member of the Black Mountain 
Conglomerate in the White Rock Canyon is 62.5 meters thick (Fig. 13), however, 
discontinuous bedding made precise measurements of specific beds difficult.
Changes in clast lithologies and matrix color were observed and described within the 
lower member of the Black Mountain Conglomerate. Conglomerate beds immediately 
above the contact with the Patsy Mine Volcanics consist entirely volcanic clasts in a 
reddish matrix (Fig. 8). Upsection the conglomerate beds change dramatically from 
volcanic-dominated to plutonic-dominated (Figs. 8 and 16). The matrix color also 
lightens to an orange-brown to light red-brown with the change in clast lithologies. The 
only exception to this matrix pattern is a slightly more resistant 13 m thick bed, with finer 
dark red matrix, that crops out 55 m above the base of the unit. Plutonic clasts dominate 
throughout the lower member of the Black Mountain Conglomerate (Fig. 8). However, 
metamorphic clasts account for approximately 10-20% of the clasts within the plutonic- 
dominated conglomerate section (Fig. 8). The volcanic clasts decrease from as much as 
15% to less than 5% at the top of the section (Fig. 8).
Some of the better-defined conglomerate beds of the lower member of the Black 
Mountain Conglomerate show inverse to normal grading. The bedding becomes better- 
developed upsection, closer to the contact with the upper member of the Black Mountain 
Conglomerate (Tmu).
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Figure 16. Basal part of the White Rock Canyon section showing coarse-grained 
deposits of the lower member of the Black Mountain Conglomerate. The conglomerate 
changes abruptly from voleanic-clast dominated to plutonic-elast dominated (Jacob staff 
is 1.5 m long).
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The majority of the White Rock Canyon measured section is in the upper member of 
the Black Mountain Conglomerate. The upper member is distinguished from the lower 
member by a change in matrix color; namely from a reddish matrix to a whitish to pale 
orange matrix (Fig. 12). Clast lithologies within the upper member are still 
predominately plutonic with minor amounts of volcanic and metamorphic clasts (Fig. 8). 
Approximately 175 meters above the base of the section, mafic plutonic clasts, which 
resemble the deep, coarse-grained phase of the Wilson Ridge pluton, are exposed.
Within this section, poor bedding and poor exposures presented difficulties in 
defining individual beds and other sedimentary structures. In some places, correlation 
jumps across complex drainage systems that developed within the basin deposits, was 
necessary in order to obtain a relative thickness of the sedimentary deposits. Poorly 
exposed areas and regions with no exposures were assumed to have bedding styles and 
clast lithologies similar to those seen in better-exposed outcrops.
The dips and bedding styles of the Blaek Mountain Conglomerate beds change 
slightly both upsection and laterally along the White Rock Canyon Wash towards U.S. 
Highway 93. Near the contact with the Patsy Mine Volcanies, the conglomerate beds of 
the lower member dip 13“ W. Near the top of the Tmu section, the dip decreases to 
nearly horizontal (<3“). Near Highway 93, and the base of the measured Highway 93 
section, the beds of the lower member of the Black Mountain Conglomerate are nearly 
horizontal (Fig. 17). Finally, paleocurrent indicators measured within both members of 
the Black Mountain Conglomerate record a west-northwest paleoflow direction (Fig. 13).
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Figure 17. Outcrop along White Roek Canyon at the base of the Highway 93 section 
showing relatively horizontal beds of conglomerate and coarse- to medium-grained 
sandstone (hammer is 28.5 cm long).
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Highway 93 Section
The base of this measured stratigraphie section corresponds with the lowest exposed 
outcrop immediately upstream from where White Rock Canyon Wash intersects U.S. 
Highway 93 (Plate 1). The measured transect mostly follows well-exposed road cuts of 
the Black Mountain Conglomerate along Highway 93. This section includes two distinct 
megabreccia beds and is capped by a relatively horizontal basalt flow, mapped as the 
Fortification Hill Basalt (Anderson, 1978) (Fig. 18).
Bedding within this section is better defined, than in the White Rock Canyon section. 
Bedding within the Highway 93 section is nearly horizontal (<5“ dip) and the beds range 
from medium- to coarse-grained sandstone to sandy conglomerate. Clasts of the Black 
Mountain Conglomerate along the Highway 93 section were generally smaller than the 
clasts observed in the Black Mountain Conglomerate section measured along the Upper 
White Rock Canyon. Eleven sandstone samples were eollected from sandstone beds and 
lenses for pétrographie analysis. Appendix E contains the compete data tables from the 
pétrographie analyses.
The lower member of the Black Mountain Conglomerate consists of clast-supported 
conglomerate beds containing mostly plutonic clasts (Fig. 8). Clasts are subangular to 
subrounded and range from 0.5 to 10 cm in diameter. Beds exhibit a weakly defined 
grading that fines upward. Distinct channels, up to 0.25 meter thick, of weathered 
coarse-grained sandstone, interfinger with the conglomerate. The conglomerate beds are 
more resistant and appear more defined juxtaposed against the more easily eroded 
sandstone channels (Fig. 19).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
52
Mega­
breccia
IC3S#v
s i i i i
Tml
*
»
Road #2 
n=3
Road #1 
n= 4
(Base of section not exposed)
00 Fortification 
Hill basalt (Tfb)
Black Mt. upper 
member (Tmu):
^  Conglomerate
E3 Sandstone 
Q  Megabreccia
Black Mt. lower 
member (Tml): 
Conglomerate
|y?l Sandstone
#  Clast counts
^  Sandstone 
samples
Figure 18. Measured stratigraphie column of the U.S. Highway 93 section within the 
Black Mountain basin. Rose diagrams show restored paleocurrent measurements. 
Conglomerate clast count data are complied in Fig. 8.
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Blocky, coarse-grained sandstone beds with minor channels of pebbly to gravelly 
sandstone alternate with thick sections of conglomerate beds upsection. The channels 
measure around 0.5 meters thick and contain poorly-sorted to unsorted, subangular clasts 
suspended within a light orange-brown to gray matrix. Among the larger clasts, the 
predominant lithology is plutonic, specifically with granitic compositions.
Beginning 78.3 m above the base of the section is a 22.5 m megabreccia unit (Fig. 6). 
The extremely coarse, clast-supported megabreccia is entirely composed of plutonic 
clasts (Fig. 8). Deposited above the plutonic megabreccia is a coarse-grained sandstone 
unit with minor conglomerate beds, nearly horizontal bedding and mostly plutonic clasts 
(Fig. 8). A second 19.5 m megabreccia bed occurs approximately 20 m upsection (Fig.
6). Unlike the older megabreccia, this younger unit is composed entirely of metamorphic 
clasts, specifically strongly banded gneiss and garnet gneiss (Figs. 8 and 20). According 
to Anderson (1978), the metamorphic clast megabreccia separates the lower member and 
upper members of the Black Mountain Conglomerate (Fig. 20).
The upper member of the Black Mountain Conglomerate is dominantly poorly 
bedded coarse- to pebbly sandstone beds with channels and lenses of coarser material. 
Throughout the section the matrix alternates fi-om a light brown color to light gray. The 
sandstone grades into a conglomeratic section composed of mostly plutonic and minor 
metamorphic clasts. Horizontal basalt flows cap the upper member of the Black 
Mountain Conglomerate at the top of this section (Fig. 18).
Paleocurrent directions for the lower and upper members of the Black Mountain 
Conglomerate were determined fi*om the restored orientation of channel axes. In both
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Figure 20 . Megabreccia units from the Hghway 93 section, (a) An outcrop showing the 
contact between the lower member of the Black Mountain Conglomerate and the 
(gneissic) megabreccia beds, (b) Ouctcrop showing the contact between the (gneissic) 
megabreccia beds and the upper member of the Black Mountain Conglomerate.
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sections the channels trend east-west, indicating a flow direction either to the west or to 
the east (Fig. 18).
Malpais Section
The measured section that is farthest south in this study was located in the Malpais 
basin, which is west, to northwest, of Malpais Flattop (Plate 1). This section, though 
potentially separated by faulting fi'om the main basin area where the other three sections 
were measured, was measured to provide some regional information and potentially 
document lateral variability within the Black Mountain basin.
Patsv Mine Volcanics 
The oldest exposed units in the Malpais basin are Patsy Mine Volcanic flows and 
flowbreccias, with interfingering sandstone and conglomerate beds (Fig. 21). The 
conglomerate beds are composed of gneissic and volcanic clasts, which range from 1 cm 
to 0.5 m in diameter (Fig. 8). The poorly sorted beds, with poor to moderately well- 
developed bedding, dip 27° E. These conglomerate beds are overlain by a thick (73.5 m) 
flowbreccia (surge deposit) layer, which strongly resembles the lower Patsy Mine 
Volcanic flows (Fig. 21). The flowbreccias grade into thick sedimentary beds ranging 
from medium- to coarse-grained sandstone to conglomerate beds. The coarser sandstone 
and conglomerate beds contain about half (54%) metamorphic (gneiss) and half (46%) 
volcanic clasts (Fig. 8).
Pre-Black Mountain Conglomerate Sedimentarv Beds 
The next group of beds includes a series of coarse conglomerate and megabreccia 
deposits (Fig. 21). These matrix-supported deposits are in contrast to the older clast-
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Figure 21. Measured stratigraphie column of the Malpais section area. Conglomerate 
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small section measured from the ash layer tephra sample at the base to the Malpais 
Flattop Basalt.
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supported conglomerate. A strongly-banded gneissic megabreccia bed (10 m thick), 
which closely resembles the regional basement rock deposits, is located within the 
conglomerate beds. All of these beds display similar strikes and dips ranging from 22- 
23“ E. The conglomerate beds contain 71-80% metamorphic clasts, including gneiss, 
schist and amphibolite, and 20-29% volcanic clasts (Fig. 8). The matrix within the 
conglomerate units is also a lighter brown to tan color with evidence of weathering and 
green alteration. Bedding was hard to measure due to poor outcrops in this area, but there 
appears to be a general trend of decreasing eastward dips upsection.
Mount Davis Volcaincs 
The highly-weathered, 64.3 m thick Mount Davis volcanic flows are gray to light 
purple, and within the light groundmass are dark phenocrysts (Fig. 21). The Mount 
Davis Volcanics separate the older megabreccia and conglomerate beds from the 
youngest, relatively finer, sedimentary units in the Malpais basin.
Conglomerate/Sandstone Beds 
The youngest sedimentary units measured in this section comprise of conglomerate to 
minor megabreccia beds grading upsection into sandy conglomerate to sandstone, with 
minor bedded gypsum and mudstone beds (Fig. 22). The clast-supported conglomerate 
beds contain mostly (86%) metamorphic clasts (gneiss, minor amphibolite) with the 
remainder being (14%) volcanic clasts. The largest clasts are up to 50 em in diameter 
(Fig. 8). The sedimentary beds fine upsection, from sandy conglomerate to coarse- to 
medium-grained sandstone beds. Near the top of the measured section, the sandstone 
beds crop out as -15 m cliffs truncated by a normal fault (Plate 1 and Fig. 23a). Several 
sandstone samples were collected for sandstone petrography from the upper section (Fig.
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Figure 22. Sedimentary outcrops showing bedding and grain-size differences within 
the Malpais section, (a) Outcrop of conglomerate beds with minor sandstone beds, 
(b) Outcrop of medium to coarse-grained sandstone beds, upsection from (a).
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Figure 23. (a) Panoramic view to the north of the the top of the Malpais section. The sandstone beds at the top of the Malpais section 
sit in the hanging wall of the north striking normal fault, which truncates the entire measured section. The area outlined in the white 
box indicates the ash layer exposure within the wash. The white line traces the measured transect of the footwall section from the ash 
layer to the basalts talus covered slope, (b) The ash layer geochemically analyzed using tephrachonologic methods. The analysis 
estimated the ash layer to be 13.1 Ma (hammer is 28.5 cm long), (c) The capping Malpais Flattop Basalt and mesa slope covered by 
basalt talus. o
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21). These beds dip shallowly (8-10") to the east. Paleocurrent data were not available 
for the Malpais section.
A complete section within the Malpais basin could not be measured because the 
upper sedimentary heds were truncated by a normal north-striking, west dipping fault 
(Fig. 23). To attempt to document the entire basin stratigraphy up to the capping Malpais 
Flattop Basalts, a small section was measured in the footwall of the normal fault (Figs. 21 
and 23). An exposed ash layer was the oldest exposure of the footwall section that was 
measured (Fig. 23b). Using tephrachronology methods and interpolation procedures 
(Perkins et al., 2000) the geochemical properties of the ash layer was compared with 
analyzes of other regional ashes. An interpretation of the ash layer’s chemical 
composition is that it statistically similar to two ashes from Ibapah Badlands, Nevada (M. 
E. Perkins, pers. comm., 2002). Appendix F contains the complete chemical 
compositional signatures from the ash sample (30MF02) and the two samples from 
Ibapah Badlands (188-30 and 188-31). Based on the chemical similarities, the ash layer 
within the upper Malpais section is assumed to be the same as the interpolated age of the 
Ibapah Badlands samples, namely 13.1 ± 0.1 Ma (Perkins et al., 2000; M. E. Perkins, 
pers. comm., 2002)
The overlying conglomerate unit is composed of metamorphic (60%) and volcanic 
(40%) clasts. The conglomerate bed was exposed for 20 m and the rest of the section was 
covered by talus composed of boulders of basalt derived from the mesa-capping Malpais 
Basalt flows at the top of the section (Figs. 21 and 23c). Unfortunately, a clear 
correlation between this small upper measured section and the rest of the Malpais 
measured section could not be drawn with the data collected.
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CHAPTER 6 
BASIN ANALYSIS
The primary controls on the development and evolution of a basin include the type of 
substrate, the proximity to a plate boundary and the type of regional tectonic activity (i.e., 
type of plate boundary) (Ingersoll, 1988). In the Black Mountain basin, regional tectonic 
activity has played a significant role in the development of the basin and is reflected 
within the basin sedimentary deposits. Observations and analyses of the Black Mountain 
basin provide information about the extensional environment present during basin 
deposition.
Analyses carried out in the Black Mountain basin for this study include observing and 
documenting depositional systems, dispersal patterns, provenance studies, isotopic 
dating, and subsidence modeling. These new data were combined with literature 
detailing regional tectonics, structural history, magmatism, and sedimentation in both the 
immediate and regional areas surrounding the Black Mountain basin. These combined 
data sets provide a mechanism for determining the basin history and evolution.
Basin Characteristics 
Provenance and Paleodispersal Data
Clast sizes and lithology provide information about dispersal patterns, proximity to 
sediment source areas and provenance. Clast lithologies, from clast counts taken in the
62
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field, show the Wilson Ridge pluton to be a major source for the sediments, which 
suggests a west-southwest flow direction. Measured imbricated clasts from the 
northem/Black Canyon Assemblage and White Rock Canyon sections indicate 
paleocurrent directions ranging from west to southwest (Figs. 6 and 13). Along the 
Highway 93 section stream channel axes trend east-west, indicating either a western or 
eastern flow direction. The combined interpretation of all the paleocurrent data suggest 
that the sediment source areas for the Black Mountain Conglomerate were the Black 
Mountains, which lie east-northeast of the Black Mountain basin.
Along the northem/Black Canyon Assemblage section the paleocurrents were not 
uniform, recording changes in provenance and sediment source areas. The lowest 
sections of the lower member of the Black Mountain Conglomerate have paleocurrent 
directions to the southwest indicating that the regional topographical high was northeast 
of the basin (Fig. 6). Approximately a hundred meters upsection the paleocurrent 
directions change to the west (with a range of west-northwest to west-southwest) (Fig. 6). 
During this time the clasts were being transported from the east into the basin. Near the 
contact between the lower and upper members of the Black Mountain Conglomerate the 
paleocurrent directions continue to be to the west (with a range of west-northwest to 
west-southwest) (Fig. 6). These paleocurrent trends provide evidence linking the 
unroofing of the Wilson Ridge pluton to the stratigraphy in the Black Mountain basin.
Conglomerate Clast Lithologies 
Relationships between sections were also interpreted based on the lithologies of the 
clasts within the deposits (Fig. 8). Clasts in the lowest units of the northem/Black Canyon
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Assemblage and White Rock Canyon sections are dominated by volcanic clasts.
However, clasts in the rest of the lower member of the Black Mountain Conglomerate 
within the northem/Black Canyon Assemblage, White Rock Canyon and Highway 93 
sections are mostly dominated by plutonic clasts from Wilson Ridge.
Within the Malpais section, clast counts indicate that volcanic rocks and metamorphic 
basement roek were both sources for the sediments deposited in the basin. The 
metamorphic and volcanic clasts could have eroded from any number of exposed 
outcrops of metamorphic basement and volcanic flows present within the Malpais area 
including Patsy Mine Volcanic flows, which also provide a significant amount of 
sediment in the northem/Black Canyon Assemblage and White Rock Canyon areas.
Evidence from the clast counts supports a possible relationship between the lower 
member of the Black Mountain Conglomerate in the northem/Black Canyon Assemblage 
section and the youngest sedimentary beds in the Malpais section (Figs. 5 and 8). Both 
basin deposits are heavily dominated by volcanic clasts with varying amounts of 
metamorphic and plutonic clasts. The metamorphic clasts could have eroded from local 
basement outcrops or, since evidence indicates unroofing of the Wilson Ridge, the clasts 
could have eroded from the southem areas of the Wilson Ridge south of the pluton- 
basement intmsive contact. Similar isotopic ages from the underlying volcanic units in 
the northem/Black Canyon Assemblage and Malpais areas supports the notion that 
sedimentation in these basins was time correlative, even if the sedimentary beds cannot 
be correlated (Fig. 5).
The upper member of the Black Mountain Conglomerate in the northem/Black 
Canyon Assemblage, White Rock Canyon, and Highway 93 sections were correlated
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based on clast lithologies and matrix color. All of these upper sections are plutonie- 
dominated conglomerates with light red to whitish-gray matrices, with the exception of 
the megabreeeia beds in the road section. The plutonie and metamorphic clasts in these 
sections suggest a similar provenance and likely were deposited within one extensive 
basin.
Data from conglomerate clast counts also reveal changes in sediment source areas 
throughout the depositional history of the Black Mountain Conglomerate and record the 
unroofing of the Wilson Ridge portion of the Black Mountains. The change to plutonie 
clasts documents the uplift of the Wilson Ridge pluton to the surface and unroofing of the 
overlying volcanic units into the basin. The presence of metamorphic clasts indicates that 
the Precambrian basement south of the Wilson Ridge pluton was also exposed and being 
eroded into the Black Mountain basin.
The basal beds of the lower member of the Black Mountain Conglomerate are 
dominantly composed of volcanic clasts (Fig. 8). Within the northem/Black Canyon 
Assemblage section some of the volcanic clasts resemble older regional lava flows and 
tuffs (i.e., Patsy Mine Volcanics, Sugarloaf Dacite, Kingman Wash Road Basalt), 
whereas others volcanic clasts may have come from flows that were above the Wilson 
Ridge pluton before it was unroofed. Similarly, the lower member of the Black Mountain 
Conglomerate above the contact with the Patsy Mine Volcanics in the White Rock 
Canyon section is dominated by volcanic clasts, most of which resemble the local dark 
red, black and gray outcrops of the Patsy Mine Volcanic flows upon which the 
conglomerate rests. Therefore, the lowest beds were probably derived from the adjacent 
local Patsy Mine Volcanic outcrop.
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Both northem/Black Canyon Assemblage and White Rock Canyon sections record a 
significant change in clast composition upsection. Within the first 200 m of the lower 
member of the Black Mountain Conglomerate along the northem/Blaek Canyon 
Assemblage section the clast compositions gradually change from volcanic clast 
dominated to almost entirely plutonie clasts (Fig. 8). Clast counts from the White Rock 
Canyon section document an abrupt change to a plutonic-dominated conglomerate with 
minor amounts of metamorphic clasts and relatively few to no volcanic clasts. The 
plutonie clasts resemble the different phases of the Wilson Ridge pluton to the east- 
northeast, including diorite clasts, mafic clasts from dikes within the pluton, and clasts 
with riebekite mineralization. The metamorphic clasts probably were eroded from the 
Precambrian basement rock exposed along the southern regions of Wilson Ridge.
The changes in clast lithologies may also provide evidence of regional tectonics 
during deposition. The first sediments eroded into the White Rock Canyon were from the 
adjacent volcanic source, the Patsy Mine Volcanics. As sedimentation continued the 
Patsy Mine Volcanic outcrop was either uplifting or the sedimentary basin was deepening 
in order to accommodate more sediments. As the basin developed, sediments derived 
from sources farther away (such as plutonie clasts from the Wilson Ridge pluton) may 
have been able to reach the basin and mix with sediments from local sources (Patsy Mine 
Volcanic clasts).
Sandstone Petrographv
Sandstone pétrographie data provided corroborating evidence regarding the 
provenance of the Black Mountain basin. Results of point counts from samples taken
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from the northem/Black Canyon Assemblage, Highway 93 and Maplais sections were 
totaled and plotted on a series of ternary diagrams (Figs. 24-27).
Sandstone point count results plot on the Qm-F-Lt (Fig. 24) and the Q-F-L (Fig. 25) 
ternary diagrams both inside and outside the magmatic arc provenance field. The data 
that plot within the magmatic are provenance fields indicate the sand was derived from a 
more plutonie than volcanic source area (Figs. 24 and 25) (Dickinson, 1985). The 
majority of the data, however, plot outside the defined fields adjacent to the plutonie 
magmatic source areas and near the feldspathic end of the continental block provenance 
field (Figs. 24 and 25). Sandstones from the northem/Blaek Canyon Assemblage and 
Highway 93 sections plot closer to the feldspar (F) origin, indicating a dominance of 
feldspar grains (Figs. 24a-b). Samples from the Malpais section have a higher percentage 
of quartz (Q) and total lithics (Lt) (Fig. 24c).
The sandstone samples also plot with the arc orogen source on the Qp-Lv-Lsm plot 
(Fig. 26). The only exceptional sample, 01BC09, plots outside the are field and within 
the mixed erogenic sands field Fig. 26b). This is due to a lower ratio of Lv to Lsm grains 
(Appendix E). The sample, however, does not contain any more Lsm grains the other 
samples from the Highway 93 section (Fig. 26b and Appendix E).
The results plotted on the Qm-P-K temary diagrams also indicate a feldspathic source 
with slightly higher plagioclase to potassium-feldspar ratios (Fig. 27). High feldspathic 
sandstones indicate a plutonie continental source, as opposed to a quartz-dominated 
sandstone that indicates an increasingly mature and stable continental block provenance 
(Fig. 27) (Dickinson, 1985). The two outlying points, 02DC19 and 02DC20, have lower 
amounts of plagioclase than the other samples from the northem/Black Canyon
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Figure 24. Sandstone point-count results totaled and plotted on Qm (monocrystalline 
quartz) - F (feldspar)-Lt (total lithics) diagrams (from Dickinson and Suczek, 1979). 
Sandstone sample locations are marked on Figs. 6,18 and 21. (a) Samples from the 
northem/Black Canyon Assemblage section, (b) Samples from the Highway 93 section, 
(c) Samples from the Malpais section.
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on stable cratons(C)and 
uplifted basement(B)
Recycled orogen 
provenances
Magmatic arc provenances 
with plutonie (P) and 
volcanic (V) sources
Northern/ Highway 93 Malpais
Bk Canyon road
Assembage
Tml:
02DC19 AO1BC06 O 02MF23
02DC20 tXllBCll © 02MF27
A02DC21 riK)lBC12 •  02MF28
A02BC26 *01BC13
dOIBCM
O01BC15
•01BC16
oQlBCl?
■OlBClO
Tmu: 
01BC18 
O 01BC09
#02MF29
Figure 25. Sandstone point count results totaled and plotted on Q(Quartz) - F(Feldspar) - 
L(Lithics) diagrams (from Dickinson and Suczek, 1979). Sandstone sample locations are 
marked on Figs. 6, 18, & 21. (a) Samples from the northem/Black Canyon Assemblage 
section, (b) Samples from the Highway 93 section, (c) Samples from the Malpais section.
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Figure 26. Sandstone point cotmt results totaled and ploted on Qp (polycrystalline 
quartz) - Lv (volcanic lithics) -Lsm (sedimentary/metamorphic lithics) diagrams (from 
Dickinson and Suczek, 1979). Sandstone sample locations marked on Figs. 6,18 & 21. 
(a) Samples from the northem/Black Canyon Assemblage section, (b) Samples from the 
Highway 93 section, (c) Samples from the Malpais section.
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Figure 27. Sandstone point count results totaled and ploted on Qm (monocrystalline 
quartz) - P(plagioclase) - K(potassium feldspar) diagrams (from Dickinson and Suczek, 
1979). Sandstone sample locations marked on Figs. 6,18 and 21. (a) Samples from the 
northern /Black Canyon Assemblage section, (b) Samples from the Highway 93 section, 
(e) Samples from the Malpais section.
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Assemblage section (Fig. 27a and Appendix E). This increases the potassium-feldspar to 
plagioclase ratios and plots samples 02DC19 and 02DC20 data points doser to the K- 
origin.
AU of these samples analyzed are characterized as quartz-poor, feldspathic arkose 
sandstones. Dickinson (1985) observed that when a batholithic root is exposed in an 
area, the sandstone samples have quartzfeldspathic compositions, high amount of 
volcanic lithics and relative low amounts of quartz. Within the Black Mountain basin the 
sandstone compositions have consistently high ratios of volcanic lithics to total lithic and 
low amounts of quartz. These sandstone interpretations make sense because other 
provenance data indicate a plutonie source. Despite few differences within each of the 
sections, the results of the point counts support the provenance indicated from the clast 
counts, paleocurrents, and regional topography.
Subsidence Historv Analvsis
The subsidence of a basin is the combined result of the rate of the sediment supplied 
and the amount of accommodation space available in the basin (e.g., Frostick and Steel, 
1993). Subsidence history analyses use the bed lithologies, thicknesses and ages to 
develop a basin model that documents the amount and causes of subsidence within the 
basin. Different types of rocks will subside varying amounts due to loading and 
compaction. Additionally, the manner in which basins subside has been shown to be 
linked to plate tectonic settings (Dickinson, 1976).
For subsidence analysis modeling to be meaningful, ages of the stratigraphy within 
the sections are necessary. Due to the lack of absolute ages within the White Rock 
Canyon, Highway 93, and Malpais sections, only the subsidence history of the
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northem/Black Canyon Assemblage section was modeled (Fig. 28). Data regarding bed 
thickness and lithologies were derived from the measured stratigraphie section (Fig. 6). 
The stratigraphie data, combined with isotopic ages of the units and specific litholigies of 
the units, provided the basis for the basin subsidence model.
For the basin modeling to work, several assumptions had to be considered. First of 
all not all of the units had specific ages, so reasonable timelines for the periods of 
deposition and non-deposition based on the calculated isotopic ages and observed 
unconformities were interpolated. Within the periods of deposition, the model assumes a 
relatively constant rate of sedimentation and does not account for possibility that the 
sedimentary deposits could be the result of episodic or catastrophic sedimentation events. 
The model must also account for differences in compaction and subsidence of various 
lithologies including the occasional volcanic (specifically igneous) units in the basin.
A subsidence history model, using the BasinMod 1-D modeling program, documents 
the rate and amount of subsidence within a basin over a period of time. If a basin initially 
subsides rapidly and later subsidence slows, the model will appear concave-up. A 
eoncave-up subsidence diagram indicates thermally driven subsidence related to rifting. 
Conversely, a basin model can be eoneave-down, indicating flexural subsidence due to 
crustal loading, typically associated with thrusting. Based on the geographical location of 
the Black Mountain basin, inferences may be made about the subsidence history.
Because the Black Mountain basin lies within the central Basin and Range physiographic 
province, an area of known Cenozoic extension, it seems highly probable that a 
subsidence model of the Black Mountain Conglomerate and older volcanic and 
sedimentary units would be concave-up (Fig. 28).
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Figure 28. A subsidence model uses bed lithologies, measured thickness and unit ages to 
determine the driving force, rate and amount of subsidence within a basin. The blue line 
represents the tectonic subsidence, while the black lines indicate where the upper and 
lower surfaces of each unit were with time. The subsidence model for the northem/Black 
Canyon Assemblage section is concave-up indicating thermally driven subsidence in the 
basin. Inadequate data are available for subsidence history modeling of the other three 
sections.
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Figure 28 confirms that the basin documented in the northem/Black Canyon 
Assemblage section experienced rapid initial subsidence from 14 to 8 Ma. Subsidence 
after 8 Ma was significantly slower. Based on this section and the location of the Black 
Mountain basin within a highly extended region, it seems plausible to propose that 
subsidence within the entire Black Mountain basin was driven by thermal subsidence 
related to rifting.
The basin model also determines the cause of subsidence. Initial subsidence in a 
basin is due to sediment loading of the overlying deposits. However, often sediment 
loading alone would not have created enough space in the basin to accommodate the 
recorded amount of sediment presently in the basin. In these circumstances the rest of the 
subsidence of the basin must be the result of tectonic influences. The basin model 
calculates the amount of subsidence due to sediment loading and tectonic influences, and 
it is reflected on the model by the blue line (Fig. 28). Subsidence below the blue line was 
due to sediment loading, while subsidence above the blue line was the result of tectonic 
influences (Fig. 28).
Depositional Environment
Most previous researchers agree that the depositional environment of the Black 
Mountain Conglomerate was an alluvial fan setting with fluvial characteristics within an 
extensional basin (Longwell, 1963; Anderson, 1978; Bohannon, 1984; Mills, 1994). 
Alluvial fans provide the primary drainage system off the footwall and compose the 
deposit on the hanging wall in a tilt-block/half-graben setting (Fig. 29) (Leeder and 
Gawthrope, 1987).
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Alluvial fans
Figure 29. Diagram of a continental tilt-block/half graben basin setting (modified from 
Leeder and Gawthrope, 1987). As the region extends along the normal fault, space is 
created to accomodate sediments eroding from the exposed ridge. This model illustrates 
the deposition of sediments in the basin by alluvial fans, as observed in the Black 
Mountain basin (Longwell, 1963; Anderson, 1978; Bohannan, 1984; Mills, 1984, 1995).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
77
An alluvial fan structure is described as a triangular- to lobe-shaped deposit, and 
drainage system, off of a ridge, cliff or other area of exposed high topography (Collinson 
and Thompson, 1989). In the Black Mountain basin, the Wilson Ridge provides the 
regional topographic high and source of the eroded sediments. As the sediments were 
transported away from Wilson Ridge and the gradient decreases, there should have been a 
decrease in grain size (e.g., Prothero and Schwab, 1996). The Highway 93 and White 
Rock Canyon sections located in the same area of the Black Mountain basin reveal 
similar clast lithologies, indicating the same sediment source. However, the clasts in the 
Highway 93 section, the section farther from the Wilson Ridge, are significantly smaller 
than the clasts in the White Rock Canyon section.
Stream flows and mudflows are common transport mechanisms for sediments in an 
alluvial fan (Prothero and Schwab, 1996). Stream flows are very common in areas 
susceptible to flash flooding, where intense rain over a short period of time results in the 
transportation of sediment. As the water velocity decreases the sediments are deposited. 
Evidence of channels within the expansive alluvial fans was observed within the Black 
Mountain Conglomerate and the channel axis measurements were used a paleocurrent 
indicators.
Alluvial fans are also often the result of debris flows or/and surge deposits, forming 
thick units of clastic sedimentary rocks (Collinson and Thompson, 1989). Conglomerates 
formed by the lithification of debris flows are poorly sorted, clast- to matrix-supported, 
imgraded deposits (Collinson and Thompson, 1989). These types of deposits dominate 
the stratigraphy in the Black Mountain basin. Generally, megabreccia deposits are surge 
deposits with boulder-sized clasts. Given the highly unorganized fabric and the presence
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of significant amounts of finer-grain materials (matrix), especially in the megabreccia 
deposits, the majority of the Black Mountain Conglomerate was likely deposited by 
multiple debris flows and surge deposits.
Sedimentation and Tectonics 
Svntectonic Deposition 
Within the lower member of the Black Mountain Conglomerate (Tml), there appears 
to be evidence of syntectonic deposition. Bed dips in the Tml member in the 
northem/Black Canyon Assemblage section dips rang from about 25°E near the basal 
contact with the Kingman Wash Road Basalt to less than 10°E at the top of the unit. This 
record of decreasing dip upsection is characteristic of syn-rift deposits (Bosence, 1998).
In the White Rock Canyon and Highway 93 sections, and from observations and 
measurements taken near the eastern end of the Black Mountain basin, the beds of the 
lower member of the Black Mountain Conglomerate dip to the west, not the east. The 
opposite dips in the older beds are interpreted as an open syncline that plunges gently to 
the south-southwest. The plunge direction is based on the measured orientations of the 
limbs.
The syncline with the lower member of the Black Mountain Conglomerate could have 
formed as a drag fold (Fig. 30) or as a fault-propagation fold (Fig. 31). In the case of the 
drag fold, the basin bounding normal fault is exposed at the surface and as the basin 
extends the older sedimentary beds would be dragged along the fault (Fig. 30) (e.g., 
Maurin and Niviere, 2000). This dragging could create a syncline within the sedimentary 
beds. In a fault-propagation fold system the fault is not exposed at the surface, but rather
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Figure 30. Three-stage model of a drag-fault fold within an extensional regime. As a
region extends, sediments may fold into a broad syncline. In this ease folded sediments 
indicate pre- to synextensional sedimentation. Overlying unfolded sedimentary beds 
indicate postextensional sedimentation (from Maurin and Niviere, 2000)
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Figure 31. Three-stage model of a fault-propagation fold within an extensional regime
As a region extends, the relative motion on the normal fault causes the beds to bulge 
above the fault and sag along the hanging wall. In this case folded sediments indicate 
pre- to synextensional sedimentation. Overlying unfolded sedimentary beds indicate 
postextensional sedimentation (modified from Janecke et al., 1998).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
81
the relative motion along the fault appears to form a bulge in the footwall and above the 
fault and a sagging of the beds in the hanging wall (Fig. 31) (Janecke et al., 1998). This 
sagging could also deform the sedimentary beds into a syncline.
In both cases the sedimentary beds deposited and lithified during active extension 
would continue to be deformed (Figs. 30 and 31). Finally, any sedimentation that 
occurred after the extension had ceased would be deposited relatively horizontally, and 
undeformed, on top of the syncline (Figs. 30 and 31). Within the Black Mountain basin 
only the lower member of the Black Mountain Conglomerate is folded, and therefore the 
undeformed upper member of the Black Mountain Conglomerate is interpreted to be 
post-tectonic.
There is also evidence of sediment fanning near the depositional contact with the 
Patsy Mine Volcanics in the White Rock Canyon section (Fig. 15). Fanning of sediments 
often indicates syntectonic deposition (Bosence, 1998). The sediments taper off and thin 
as they near the contact and thicken into the basin. The fanning pattern occurs because 
the center of the basin has more space to accommodate sediments than near the contact 
with the source. In this case, the Patsy Mine Volcanic section was probably being 
uplifted, creating a relative deepening of the basin to the west in which sediments 
accumulated (Fig. 15).
In the Malpais basin the sedimentary deposits and volcanic flows also provide an 
indication that sedimentation was synextensional. The dip of bedding within a 
synextensional basin will decrease upsection (e.g., Bosence, 1998). This is the result of 
the basin gradually tilting concurrently with the input of sediment (Fig. 32). As the basin 
tilts, the dip of the older sedimentary units increases. A systematic decrease of dip
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Figure 32. Model illustrating how sediments deposited early in an extensional basin 
above a listric fault are rotated to steeper dips with time. Strata deposited in a 
synextensional basin exhibit steep dips lower in the section and a progressive decrease in 
dip upsection (Bosence, 1998). This is the result of the basin gradually deepening 
concurrent with the input of sediments. This pattern is observed within the Malpais 
section.
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upsection, like those seen in the Malpais section, indicates the active movement of the 
basin during sedimentation.
Post-tectonic Deposition 
Bosence (1998) defined post-rift sediments as those undeformed sedimentary units 
deposited after regional extension has ceased. The undeformed beds of the upper 
member of the Black Mountain Conglomerate fit this description and therefore are 
considered to be post-rift deposits. The absence of faulting during deposition of the 
upper member of the Black Mountain Conglomerate is apparent by the very shallow to 
sub-horizontal dips of beds indicating that the sediments were basically filling in the 
basin formed by the previous extensional deformation. Along the entire Highway 93 
section, the beds of the upper member of the Black Mountain Conglomerate never exceed 
a dip of 5°W, and in most of the section, the beds are horizontal. Shallowly westward 
dipping Tmu beds from the White Rock Canyon section provide corroborating evidence 
that regional extension was no longer active during deposition of the upper member of 
the Black Mountain Conglomerate.
Classification of the Black Mountain basin 
Basins require a tectonically active setting and/or a subsiding terrain to physically 
form accommodation space for the accumulation of sediments (Miall, 2000). The Black 
Mountain basin formed during the Miocene within what has been defined as an active 
extensional setting (Dickinson, 1976). The Black Mountain basin more specifically 
exhibits characteristics of an intracratonic basin; “a rift basin developed by the extension 
of continental crust or basement” (Dickinson, 1976). Extensional basins, also called tilt-
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block/half-graben basins, progressively develop in the hanging wall of active normal 
faults that produce crustal attenuation (Fig. 29) (Leeder and Gawthorpe, 1987). In the 
case of the Black Mountain basin, however, complete separation of the continental crust 
was not achieved, leaving a “fossil rift” basin (Sengor, 1995). Regional extension within 
the Black Mountain basin area is documented to have ceased around 9-8 Ma (Faulds et 
al., 1999; Faulds et al., 2001), while sediments may have continued to accumulate for 
another few millions years until being capped by the 5.9-4.7 Ma Fortification Hill Basalt 
(Feuerbach et al., 1991)
The Black Mountain basin, while generally classified as a rift-basin by previous 
workers, exhibits many characteristics of a supradetachment basin. Rift and 
supradetachment basins define the extreme cases that occur in a continental extensional 
setting (Friedmann and Burbank, 1995). The major differences between rift and 
supradetachment basins are the rate and magnitude of extension, volcanism, and 
structural styles (Friedmann and Burbank, 1995). Within rift basins, the bounding faults 
are steeply dipping normal faults with low slip rates and low-magnitude extension. 
Supradetachment basin exhibit extreme amounts of extension along shallowly dipping 
faults with slip rates approximately double that in a rift basin. Volcanism is typically 
calc-alkaline within supradetachment basin and tholeiitic to alkaline in rift basins 
(Friedmann and Burbank, 1995).
Table 1 lists the basin characteristics of rift and supradetachment basins. Also listed 
on the table for comparison are the appropriate data from the Black Mountain basin. The 
Black Mountain basin appears to share some characteristics with both end-member basin 
types, but more closely resembles the supradetachment basin model. The location of the
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Table 1. Comparison of Basin Characteristics
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Rift Supradetachment Black Mountain basin
Bounding Fault 
geometry 
(Dip angle)
moderate to steep 
(40-70")
shallow (15-35°) shallow (<25") (Mills, 1985) 
moderate to steep (45-
Magnitude of 
extension
low (10-25%) often >100% may exceed 100% (locally) 
(Faulds et al., 2001)
Duration of 
extension
>25 Myr bulk extension 
requires <10 Myr
-7-8 Myr
Basin fill 
thickness
4-6 km
(may be >7 km)
relatively thin 
1-3 km
0.25-1 km
Predominant
provenance
hanging wall footwall mostly footwall
Main
sedimentary
style
delta, 
deep lake, 
tiuvial
fans,
mass wasting
fans,
mass wasting,
Associated
magmatism
Mkali to tholciitic
Calc-alkaline Calc-alkaline, minor 
alkaline (pre- to 
synextensional) (Faulds et 
a l, 2001)
(sytt-1» posÉwÉ^àaîooal)
Basin characteristics of rift and supradetachment basins compared to the Black Mountain 
basin. Rift basin and supradetachment basin data were compiled by Friedmann and Burbank 
(1995). Similarities to both rift and supradetachment basin types preserved in the Black 
Mountain basin may be the result of its occurence in an area that has documented extension 
along both high- and low-angle normal faults.
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Black Mountain basin, within an area that has documented extension along both high- 
and low-angle normal faults, may reflect the influences of both extensional schemes 
during the past.
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CHAPTER 7
BASIN EVOLUTION 
Early Miocene
Magmatism began and swept northward through the northern Colorado River 
extensional corridor during the early Miocene (Faulds et al., 2001). The first magmatic 
episodes to reach the Black Mountain basin include the extensive Patsy Mine Volcanic 
flows, with ages ranging from 15.72 ± 0.03 Ma in the Malpais area and 14.19 ±
0.03 Ma in the northem/Black Mountain Assemblage area (Faulds et al., 1999). The 
Patsy Mine Volcanic rocks are extremely faulted and altered confirming that extension 
occurred after emption.
Middle Miocene
According to Faulds et al. (1999) regional extension began in the northern Colorado 
River extensional corridor around 16 Ma, and migrated northward. During extension the 
Malpais basin began to accumulate sediments from local Precambrian basement and 
volcanic sources. The oldest sedimentary beds deposited above the Patsy Mine 
Volcanics include a thick megabreccia deposit overlain by conglomerate beds (Fig. 21). 
The deposition of the older sedimentary units in the basin was dismpted by the emption 
of the Mount Davis Volcanics, 12.73 ± 0.30 Ma (Faulds et al., 1999). Post-volcanism, 
deposition within the basin included conglomerate and coarse- to medium-grained
87
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sandstone beds (Fig. 21). Throughout this section the stratal tilts decrease upsection, 
providing evidence that the sedimentation was synextensional (Fig. 31). Sedimentation 
of younger conglomerate to sandstone beds continued until the eruption of the Malpais 
Flattop Basalt at 11.59 ± 0.09 to 11.28 ± 0.11 Ma (Faulds et al., 1999).
In the northern part of the Black Mountain basin, the volcanic and sedimentary units 
of the Black Canyon Assemblage were erupting and being deposited concurrently with 
deposition in the Malpais basin. The oldest sedimentary unit in the Black Canyon 
Assemblage was deposited above the 14.2 Ma Patsy Mine Volcanics. Alternating 
deposition and eruptions occurred within the basin until 12.57 ± 0.03 Ma, the age of the 
Kingman Wash Road Basalt (Faulds et al., 1999). The provenance for the sedimentary 
beds is local volcanic flows and Precambrian basement. During the time of deposition 
and eruptions, regional extension was active, as evidence by the faulted and altered units 
of the Black Canyon Assemblage.
As part of the regional magmatic system, the Wilson Ridge pluton intruded into the 
Precambrian metamorphic basement and was emplaced at 13.2-13.1 Ma (Faulds et al., 
1999). After emplacement, the pluton was significantly faulted and altered by secondary 
mineralization and the intrusion of mafic dikes. Magmatism ceased around Lake Mead 
about 12 Ma (Faulds et al., 2001)
Extension peaked in the northern Colorado River extensional corridor around 13.5 to 
12.5 Ma. During this time the region extended approximately 15 km in the east-west 
direction (Duebendorfer et al., 1998). The extension was aceommodated along normal 
and detachment faults, strike-slip faults, and dikes cross-cutting the Wilson Ridge pluton 
(Duebendorfer et al., 1998). Movement along the Saddle Island detachment fault and the
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Las Vegas Valley Shear Zone is documented between 12.5 -10 Ma (Duebendorfer et al., 
1998). As a result of this faulting, the River Mountains were moved 7 km to the west of 
the Wilson Ridge (Duebendorfer et al., 1998) and more accommodation space for 
sediments was created within the Black Mountain basin.
The Saddle Island detachment activity may have initiated the unroofing the Wilson 
Ridge pluton. The River Mountains volcanic rocks in the hanging wall were removed 
causing the relative uplift of the Wilson Ridge pluton in the footwall. However, the 
predominance of volcanic clasts in the lower member of the Black Mountain 
Conglomerate suggests that the part of the Wilson Ridge pluton was still covered by the 
overlying volcanic units after the detachment faulting. Only after the overlying volcanic 
units were unroofed and eroded into the basin was the Wilson Ridge pluton completely 
exposed at the surface.
Deposition of the lower member of the Black Mountain Conglomerate began during 
the middle Miocene, possibly during the later stages of regional volcanism and middle 
stages of extension (Longwell, 1963; Mills, 1994). In the northem/Black Canyon 
Assemblage section, the lower member of the Black Mountain Conglomerate was 
deposited directly on the Kingman Wash Road Basalt. The high degree of weathering of 
the volcanic flow implies that it had been exposed for a period of time prior to deposition 
of the Black Mountain Conglomerate. Therefore there is a disconformity between the 
Kingman Wash Road Basalt and the lower member of the Black Mountain 
Conglomerate.
An ash layer within the lower member of the Black Mountain Conglomerate yielded 
an ''°Ar/^^Ar age of 11.72 ± 0.06 Ma (Fig. 11). This confirms that by 11.7 Ma the lower
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member of the Black Mountain Conglomerate was actively being deposited into the 
Black Mountain basin. The ash layer also provides significant information about the 
unroofing of the Wilson Ridge pluton. Plutonic clasts, interpreted to be from the Wilson 
Ridge pluton, were identified in a conglomerate clast count conducted stratigraphieally 
below the ash layer. This indicates that by 11.72 ± 0.06 Ma the Wilson Ridge pluton was 
exposed, being eroded, and sediment was carried into the Black Mountain basin.
Therefore the pluton had to have been relatively uplifted and moved from its 
emplacement depth to its current ridge elevation in about 1.5 million years. Al- 
homblende geobarometry from southern end of the pluton near the contact with the 
Precambrian basement rocks have an average emplacement depth of 5.3 ± 0.99 km 
(Metcalf and Smith, 1991). Assuming the pluton was uplifted a maximum of ~7 km, a 
calculated rate of unroofing would be 4-5 mm/yr. This is an extremely fast rate of uplift 
even for highly extended regions like the Basin and Range province. Al-homblende 
geobarometry from a second sample approximately 10 km north of the pluton-basement 
contact confirm that the entire pluton was not emplaced at the same depths. The second 
sample yielded an emplacement depth of 2.8 km (Metcalf and Smith, 1991), which 
calculates an uplift rate of approximately 2 mm/yr. These differing emplacement depths 
and uplift rates are consistent with observations of the phases, geometry, and orientation 
of the Wilson Ridge pluton, and provide corroborating evidence that the pluton was 
rotated after emplacement. Therefore the Wilson Ridge pluton, which is currently tilted 
5-15“ N (Anderson et al., 1994), was uplifted more to the south, near the Precambrian 
contact (R. V. Metcalf, per. comm., 2000), and that the rate of uplift should decrease to 
the north along the ridge. Conclusions from the uplift data provide a maximum uplift rate
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for the southern area of ~ 4 mm/yr, while a more reasonable uplift rate for the rest of the 
pluton would be around 2 mm/yr.
The lower member of the Black Mountain Conglomerate was deposited 
syntectonically, as evidence by the hanging wall syncline and fanning of sediments. The 
ceasing of regional extension provides only an indirect time constraint for the end of 
deposition of the lower member of the Black Mountain Conglomerate.
Late Miocene
Regional extension ceased in the northern Colorado River extensional corridor around 
9-8 Ma (Faulds et al., 2001). The end of regional extension is highly significant because 
it marks the end of deposition of the lower member of the Black Mountain Conglomerate 
and the beginning of deposition of the upper member of the Black Mountain 
Conglomerate. The upper member of the Black Mountain Conglomerate is undeformed 
and therefore was deposited post-tectonically, from around 8 Ma to 6 Ma. At 5.9 to 5.4 
Ma, the Fortification Ridge Basalts erupted and marked the end of Miocene deposition 
within the Black Mountain basin (Feuerbach et al., 1991
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CHAPTER 8 
CONCLUSIONS
The region around Lake Mead has an extensive history of Miocene magmatism and 
extension. The Black Mountain basin is an extensional basin within the Basin and Range 
province, and reveals an important portion of the magmatic and extensional history.
Prior to 12 Ma, several smaller localized basins, in the Malpais and the 
northem/Black Canyon Assemblage areas, were actively accumulating sediments and 
volcanic rocks. The deposits were derived from local volcanic and Precambrian 
basement source areas throughout the Lake Mead area. Evidence within these basins 
indicates synextensional deposition.
Deposition of the Black Mountain Conglomerate commenced around 12 Ma, after the 
decrease of regional magmatism and during regional extension. By this time, clasts of 
the Wilson Ridge pluton were being eroded into the basin, confirming that the Wilson 
Ridge pluton was exposed at the surface. Therefore the Wilson Ridge pluton was 
exhumed from a depth of ~7 km in approximately 1.5 million years.
Clast counts from the lower member of the Black Mountain Conglomerate showed 
that the amount of volcanic clasts decreases upsection, while the amount of plutonic 
clasts increases. In the upper member of the Black Mountain Conglomerate, deposited 
post-tectonically, volcanic clasts do not show up at all. These data indicate that the 
Wilson Ridge had been exposed for most of the sedimentation history of the Black
92
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Mountain basin, and therefore, the majority of the unroofing of the pluton occurred 
during the time of deposition within the older smaller basins, prior to the expansive 
deposition of the Black Mountain Conglomerate.
Deformation was ongoing during the deposition of the lower member of the Black 
Mountain Conglomerate as evidenced by the syncline geometry of the beds and fanning 
of sediments. The upper member of the Black Mountain Conglomerate has not been 
deformed and therefore was deposited after extension had ceased. Sedimentary basin 
analyses and interpretation of the Black Mountain basin in this study provide a better 
understanding of the extensional history of the Wilson Ridge area within Basin and 
Range Province. The deposition of the upper member of the Black Mountain 
Conglomerate ceased by about 6 Ma, and is capped by the overlying Fortification Ridge 
Basalt flows.
The Black Mountain basin has an extensive and complex history, as preserved within 
the sedimentary deposits. Three periods of deposition have been identified within the 
Black Mountain basin: 1. Syn-magmatic and synextensional deposition in the Malpais 
and northem/Black Canyon Assemblage areas; 2. Post-magmatic and syntectonic 
deposits of the lower member of the Black Mountain Conglomerate; and 3. Post- 
magmatic and post-tectonic deposition of the upper member of the Black Mountain 
Conglomerate. Sedimentary basin analyses and interpretation the Black Mountain basin 
in this study provide a better understanding of the tectonic environment throughout the 
Wilson Ridge in the southern Lake Mead region.
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APPENDIX A
Description
STRATIGRAPHIC COLUMN DESCRIPTIONS 
Northem/Black Canyon Assemblage Section
Thickness in meters Other Data
Patsy Mine Volcanics (Tpv) -  
So (bedding) = 284, 30
Basalt/Andésite flows, dark red to black, vesicular, 
pyroclastic beds, some flow banding, bloeky 
outerop, eliff former, interfingered volcanic 
breccia
Dam Conglomerate (Tdc) -  So = 313, 20 
Lower -  sandstone, reddish brown, medium- to 
coarse-grained, thin beds (0.5 em to a few em), 
slightly vesiculated
Upper -  conglomerate, reddish brown, large 
subangluar clasts (1 -  30 cm diameter), clast- 
supported, mostly volcanic clasts, cliffy outcrop
(Cummulative 
Total meters)
38.4 p&4[)
[Measurements 
refer to location of 
clast coimt or 
paleocurrent within 
the entire column 
unless otherwise 
noted]
* 02DC19
@ 44 m:
Clast count #1, 
Paleocurrent NS 
#I
94
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with coarse bedding
Tuff of Hoover Dam (Tbd) -  
Rbyolitic(?) tuff, light pink to whitish gray, 
reddish orange weathered, vesieular, small clasts 
(volcanic) in tuff, little to no bedding, blocky 
outcrop
Spillway Conglomerate (Tsc) -  So = 292, 36 
Conglomerate, reddish brown, angular to 
subangular elasts (0.5 -  20 cm in diameter), mostly 
volcanic clasts, more matrix-supported than Tdc, 
thick blocky bedding when visible, minor eoarse 
sandstone bed lenses
Switchyard Basalt (Tsb) -  So = 268, 37 
Basalt, reddish black, vesicular, minor flow 
banding, overlying gray, thinly bedded, fissle 
(almost flaky) unit, upper olive green to yellow- 
green, highly altered unit transitions into dacite (?)
Sugarloaf Dacite (Tsd) -
Dacite, light gray to white, large flaky black
63.3 (722J)
4.0 (126.5)
67.8 (YP'X.3)
* 02DC20
@ 25 m (location 
within individual 
unit):
Clast coimt #2, 
Paleocurrent NS 
#2
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biotite(?) phenocrysts (up to 0.5 cm long), other 
phenocrysts include quartz, amphibole(?), 
crumbly, powdery groundmass, highly altered, 
cliffy outcrop, thin resistant flow bands
96
94.0 (23&3)
Kingman Wash Road Basalt -  
Basalt/Andésite flows, dark reddish black with 
olive green alteration (hydrothermal(?)), weathers 
to light brown, flow banding, blocky outcrop, 
agglomerate and volcanic breccia within flows, 
highly faulted 32.6
Black Mountain Conglomerate (lower member) 
( T m l) -S o = 3 2 0 ,  22
Conglomerate to eoarse sandstone, light red to tan 
color matrix, mostly volcanic clasts, some granitic 
clasts, 0.5 m bedding to blocky outcrop
@ 340 m: 
Clast count #3
47.6
Ash layer -  white, large phenocrysts -  up to few 
mm long (sandine, plagioclase, biotie, quartz), 
-meter thick, ^^Ar/^^Ar age = 11.72 ± 0.06 Ma
* 02BC19
1.0-1.5 (370)
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Kingman Wash Road Basalt (Tkw)
Black Mountain Conglomerate (lower member) 
(T m l) -S o = 3 2 5 , 15
Fanglomerate, minor sandstone beds, dark red 
matrix, matix-supported, varying clast size (<1 cm 
to 6-7 cm), subangular to subrounded clasts 
(volcanic and plutonic lithologies), poorly bedded, 
locally poor outcrops
So = 3 3 0 , 26
Conglomerate to pebbly sandstone, red matrix, 
laminar to meter thick bedding, cliffy outcrop
So =  300, 10
Conglomerate, distinet color change of matrix to 
white/light gray, 15’ cliffs
So = 9,9
@ 17.8 m
(location within 
individual unit): 
Clast count #4; 
Paleocurrent NS  
#3
* 02BC21
@ 61.9 m
(location within 
individual unit): 
Paleoeurrent N S  
#4
@ 97.3 m 
(location within 
individual unit): 
Clast count #5
@  116.0 m  
(location within 
individual unit): 
Clast count #6, 
Paleocurrent NS  
#5
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Conglomerate, light matrix, larger clasts (up to 50
cm -  average 12-15 cm diameter), mafic phases of
pluton, poor bedding
Sloppy, poor outerop, bedding not visible
So = 40, 14
S o = 1 8 ,5
Large clasts (max clast size = 1 8 0  cm), matrix- 
supported, light tan matrix, poorly bedding, 
extremely poor outerops
Sq= 60, 8
Black Mountain Conglomerate (upper member) 
(Tmu) -  So = 60, 8 
Conglomerate, poor outcrop
589.8
50.8 (970.5)
@ 136.8 m 
(location within 
individual unit): 
Paleocurrent NS 
#6
@ 178.3 m
(location within 
individual unit): 
Clast count #7
* 02BC26
@ 343.3 m
(location within 
individual unit): 
Clast count #8
@ 438.1 m 
(location within 
individual unit): 
Clast count #9, 
Paleocurrent NS 
#7
@ 620.9 m: 
Clast count #10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
99
Description
Upper White Rock Canyon Section
Thickness in meters Other Data
Patsy Mine Volcanic (Tpv) -  So = 63, 41 
Basalt/andesite flows interbedded with 
conglomerate -  reddish brown to purple, 
subangular to subrounded volcanic clasts, poorly 
sorted, minor amounts of coarse to pebbly 
sandstone
Black Mountain Conglomerate (lower member) 
(T m l)-So= 114,13
Conglomerate to coarse/pebbly sandstone, 
volcanic clasts
Conglomerate, plutonic clasts, reddish to light 
orange matrix, diseontinuous bedding, poorly 
sorted with sandstone lenses, inverse to normal 
grading
Dark red-brown matrix, slightly more resistant 
beds
(Total meters)
33.8 (33.6!)
1.6 (3#.<!)
[Measurements 
refer to location of 
clast count or 
paleocurrent within 
the entire column 
unless otherwise 
noted]
@ 4 m :
Clast count #1
@ 34.5 m: 
Clast cotmt #2
@ 36 m:
Clast count #3;
Paleocurrent
WRC#1
@ 67 m:
Clast count #4
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Better developed bedding, lighter red matrix
Black Mountain Conglomerate (upper member) 
( T m u ) - S o = 1 1 5 , 3
Conglomerate, mostly granite clasts, light 
gray/white matrix, poor exposure, poor bedding, 
minor amounts of calcite on clast
62.3 (96.1)
(Assumed similar style of poor bedding throughout 
poorly exposed upper member of the Black 
Mountain Conglomerate)
@ 86 m 
Clast count #5
@ 107 m:
Clast count #6;
Paleocurrent
WRC#2
@ 120 m: 
Clast count #7
@ 182 m: 
Clast count #8
@ 206 m: 
Clast count #9
@ 267 m:
Clast count #10
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Description
U.S. Highway 93 Section 
________________ Thickness in meters Other Data
Black Mountain Conglomerate (lower member) 
(Tml) -  So= 65, 5
Conglomerate, clast-supported, subangular to 
subrounded clasts, mostly plutonic clasts (gives 
outcrop a whitish appearance), clasts range from 
0 .5 -10  cm, some sorting along beds, fines up 
(moderately)
Conglomerate with sandy channels, conglomerate 
similar to lower bed, coarse sand in channel, 
channels about 0.5 meter wide, sand weathers 
more -  makes conglomerate beds stand out
Coarse sandstone with conglomeratic channels, 
very blocky weathering, possible cross-bedding in 
sandstone(?), conglomerate channels sorting (poor 
to moderate), large, subangular plutonic clasts, 
channels -0.5 m
Sandstone, medium to coarse grained, weathered
(Total meters) Measurements 
refer to location of 
clast count or 
paleocurrent within 
entire column]
@ 1 m:
Clast Count #1
3.0 (3.0)
* 01BC06
*  O l B C l l
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
into thin layers (less that 1 -  5 cm), channels with 
possible cross-bedding(?)
102
Conglomerate, minor sandstone layers, poorly to 
moderately sorted, subangular clasts, blocky 
sandstone outcrop on top of bed
Sandstone, coarse-grained, thinly bedded (1-2 cm), 
resistant to weathering, minor conglomerate beds 
with poorly sorted, subangluar clasts (approx. 5 cm 
diameter), matrix-supported, brown matrix
Conglomerate, unsorted, subangular clasts, grades 
to coarse sandstone
Conglomerate, unsorted, matrix increases up to 
sandstone beds, alternates with coarse sandstone 
beds (channels?), sandstone beds ~1 m thick
24.3 (27.3)
Conglomerate with lenticular sandstone beds, 
coarse-grained sandstone channels, clasts range 
from 1 cm -  0.5 m, mostly plutonic, few
22.8
*01BC12
Paleocurrent 
Road #1
*01BC13
* 01BC14
@ 54 m;
Clast count #2
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metamorphic clasts
Sandstone, coarse-grained, thickly bedded (0.5-1 
m), interfingered conglomerate beds with gray 
matrix, orange-brown staining (weathering?)
Megabreccia, extremely coarse, mostly plutonic 
clasts, clast-supported, poor to no bedding
Sandstone, coarse-grained, minor beds of 
conglomerate, mostly plutonic clasts, nearly 
horizontal bedding, fines up (poor)
Megabreccia, huge metamorphic clasts (gneiss), 
clast-supported
Black Mountain Conglomerate (upper member) 
Sandstone, coarse-grained, reddish-brown matrix, 
minor lenses and channels, moderate to poor 
bedding
Sandstone, coarse-grained with large lenses of
28.5
22.5 (100.8)
19.5 (120.3)
*01BC15
Clast count #3
*01BC16
@ 119 m: 
Clast count #4
* 01BC17
* OIBCIO
Clast count #5
* 01BC18
Paleocurrent 
Road #2
* 01BC09
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conglomerate, mostly plutonic clasts, poor bedding
Conglomerate, minor sandstone lenses, similar to 
lower beds
Fortification Hill basalts
40.5 (180.3)
16.5 196.8) @ 196 m; 
Clast count #6
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Malpais Section
Description Thickness in meters Other Data
Patsy Mine Volcanics (similar to other sections)
Conglomerate, mostly gneissic and volcanic clasts, 
clast size from 1 cm to 0.5 m, poorly sorted, poor 
to moderate bedding, steeply dipping to the east, 
matrix red near base of section -  grades to gray- 
reddish 
So=351,27
Flowbreccia, part of Patsy Mine Volcanics, dark 
gray to brown, vesicular surge deposit, largest clast 
0.5 m diameter, blocky outcrop 
Grades to volcanic (basalt(?)) unit (Tpv(?)), gray 
to greenish color
Sandstone, medium to coarse grained, beds up to 
10m thick, gray to reddish tan matrix,
[Ash layer within beds, green phenocrysts, highly 
weathered]
So= 5, 26 (dipping east)
(Total meters)
1 2 (1.2)
73.5(93.(?)
39.7 7̂37.^
Measurements 
refer to location of 
clast count or 
paleocurrent within 
entire column]
@ 13 m:
Clast count #1
@ 119.6 m: 
Clast count #2
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Grades to conglomerate to megabreccia beds, 
megabreccia bed eontains all metamorphie (gneiss) 
clasts, clast-supported 25.0 (162.7)
Minor Basalt layer, dike associated with Malpais 7.0 (169.7) 
Flattop Basalt(?)
Conglomerate, thick beds with 3-4.5 m cliffs, 
matrix-supported, reddish matrix, poorly sorted, 
poorly bedded
So= 0, 23 46.8 (216.5)
Megabreccia bed strongly banded, large 
metamorphie (gneiss) elast, strongly resembles 
basement, bed -10 m in center of conglomerate 10.7 (227.2)
Similar (same(?)) lithology as previous 
conglomerate
So=23,22 43.1 (270.3)
Basalt layer, dike associated with Malpais Flattop 17.9 (288.2)
Basalt(?)
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Conglomerate, large volcanic and metamorphic 
(gneiss/amphibole/schist), clast-supported, brown 
to tan matrix with green alteration, poorly sorted 
So= 10,19
Grading to smaller medium-sized clasts; poor 
outcrops -  hard to measure bedding 
So= 320, 25; 290,20
Mt. Davis Volcanics -  So= 318,18
Volcanic, gray with purple weathering (alteration),
mafic phenocrysts, felsic ground mass
Conglomerate, minor coarser to megabreccia beds, 
clast-supported, mostly metamorphic (gneiss) 
clasts, some volcanic clasts, largest clast 50 cm 
diameter, light tan to white matrix, poor sorting, 
poor grading 
So= 13, 38
Megabreccia slide -  approx. 1 m thick banding
210.8 (499.0)
64.3 (563.3)
18.1 (581.4)
11.9(593.3)
@ 314.5 m: 
Clast count #3
@ 405.5 m: 
Clast count #4
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Conglomerate (same as above(?))
Increase in clast sizes, metamorphic clasts mostly 
garnet gneiss, some mineral alteration/physical 
weathering(?), presence of amphibolite clasts
Grades to cobble to pebbly sandstone to sandy 
conglomerate, matrix-supported 
So=319,21
Gypsum layer, white to milky colored
Sandy conglomerate to sandstone, coarse to pebbly 
grained with minor conglomerate beds, -15 m 
cliffs, thin, fissle beds, interbedded thin, wavy, 
fine-grained mud beds, blocky weathering, poorly 
defined ripples (symmetric(?))
So= 355,10; 357, 8 
(Top of section faulted)
164.3 (757.6)
100.1 (860.7)
@  757.5 m: 
Clast count #5
* 02MF23
* 02MF28
* 02MF27
* 02MF29
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
109
(Bottom of section faulted -  Base of section not exposed) 
Ash layer
Tephrachronology = 13.1+0.1 Ma 
Conglomerate
Covered by basalt talus from Malpais Flattop 
basalt, assume similar sedimentary beds
Malpais Flattop basalt
0
20.5 (20.5)
104.4 (124.9)
(124.9+)
* 02MF30
@ 1 m:
Clast count 
above ash layer
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APPENDIX B
CONGLOMERATE CLAST COUNT DATA 
Northem/Black Canyon Assemblage Section
Clast Count Number 1 2 3 4 5 6 7 8 9 10
Volcanic Clasts
Light Gray volcanic 30 41 18 21 17 8 3 — — —
Dark gray volcanic — — 19 36 24 38 8 1 — —
Black basalt — 15 15 7 13 2 — — — —
Dark red basalt (Tpv) 9 20 21 15 7 — 2 2 — —
Light gray tuff 8 28 1 — — — — — — —
Dacite (Tsd) — — 14 7 2 — — — — —
Light green vol (Tsb) — — 7 — — — — — — —
Dk brown-green (Tkw) — — 17 5 2 — — — — —
Gray - vesiculated 5 — — — — — — — — —
Hnbl andésite w / gm  alt. 12 3 — — — — — — — —
Gray phenocrysts 40 0 — — — — — — — —
Red - vesiculated 1 — — — —— —— —— —— - - —
Total Volcanic 104 107 112 91 65 48 13 3 0 0
100% 100% 88% 78% 61% 42% 13% 3% 0% 0%
Plutonic Clasts
Granite — — 15 7 18 39 49 74 76 71
Granite w / Riebekite — — — 19 23 28 24 14 15 13
Dike (mafic) —— —— —— —— —— —— 12 6 12 16
Total Plutonic 
Metamorphic Clasts
0
0%
0
0%
15
12%
26
22%
41
39%
67
58%
85
83%
94
92%
103
100%
100
100%
Gneiss
Garnet gneiss 
Schist
— — — — — — 3
1
5
— —
110
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Total Metamorphic 
Unknown
0
0%
0
0%
0 0 0 
0% 0% 0%
0
0%
4
4%
5
5%
0
0%
0
0%
Total Clasts 104 107 127 117 106 115 102 102 705 700
W hite R ock Canyon Section
Clast Count Number 1 2 3 4* 5* 6* 7* 8* 9* 10*
Volcanic Clasts
Light gray volcanic 16 5 — n/a n/a n/a n/a n/a n/a n/a
Dark gray volcanic 17 35 — n/a n/a n/a n/a n/a n/a n/a
Red - vesiculated 12 — — n/a n/a n/a n/a n/a n/a n/a
Dark red 2 4 1 n/a n/a n/a n/a n/a n/a n/a
Gray - vesiculated 1 2 — n/a n/a n/a n/a n/a n/a n/a
Green volcanic 9 3 - - n/a n/a n/a n/a n/a n/a n/a
Gray plag phenocrysts 6 12 — n/a n/a n/a n/a n/a n/a n/a
Red plag phenocrysts 40 51 3 n/a n/a n/a n/a n/a n/a n/a
Total Volcanic 103 107 4 7 14 10 16 0 0 0
* Counts 4-10 counted 
only total volcanic clasts
100% 100% 3% 7% 13% 10% 15% 0% 0% 0%
Plutonic Clasts
Granite — — 60 45 50 63 68 61 82 21
Coarse-grain intermed. 
Fine-grain intermed.
— — 14 19 8 13 13 5
5
4
2
44
15
Granite w/ Riebekite — — 19 30 23 7 9 10 12 15
Dike (mafic) 5 — 2
Diorite ( ‘leopard’) 1 — —
Vein Quartz -- — 8
Total Plutonic 0 0 101 94 81 83 90 87 100 97
0% 0% 88% 88% 78% 81% 83% 84% 100% 92%
Metamorphic Clasts
Gneiss — — — 5 7 9 2 14 — 9
Garnet gneiss — — 7 — 1 — — 3 — —
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Schist
Green metamorphic
1 1 2
Total Metamorphic 0 0 10 5 8 9 2 17 0 9
0% 0% 9% 5% 8% 9% 2% 16% 0% 8%
Unknown 1 1
Total Clasts 703 107 115 707 704 102 703 104 700 106
U.S. Highway 93 Section
Clast Count Number 1 2 3 4 5 6
Volcanic Clasts
Total Volcanic 0 2 0 0 0 0
0% 2% 0% 0% 0% 0%
Plutonic Clasts
Granite 77 61 81 — 55
Coarse-grain intermed. 5 14 6 — 8
Fine-grain intermed. 3 1 8 — 2
Granite w/ Riebekite 5 10 4 — 5
Dike (mafic) 6 7 1 —— 5
Total Plutonic 96 93 100 100 0 75
93% 90% 100% 92% 0% 66%
Metamorphic Clasts
Gneiss 6 8 — 9 25
Garnet gneiss 1 — — — 2
Green metamorphic — — - — 12
Total Metamorphic 7 8 0 9 100 39
Unknown
7% 8% 0% 8% 100% 34%
Total Clasts 103 103 700 709 700 114
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Malpais Section
Above
ash
Clast Count Number 1 2 3 4 5 layer
Volcanic Clasts
Gray volcanic 30 21 18 25 13 26
Red volcanic 18 14 2 5 0 5
Light brown volcanic 6 4 — 1 1 9
Brown vesicular 3 4 — — — -
Ash/Dacite 0 7 — — — —
Green Volcanic 0 2 — — 1 —
Total Volcanic 57 52 20 31 15 40
52% 46% 20% 29% 14% 40%
Plutonic Clasts
Total Plutonic 0 0 0 0 0 0
0% 0% 0% 0% 0% 0%
Metamorphic Clasts
Gneiss 34 37 59 56 70 49
Garnet gneiss 4 3 6 — 10 4
Schist 15 20 7 12 8 4
Amphibolite — — 9 9 8 4
Total Metamorphic 53 60 81 77 96 61
48% 54% 80% 71% 86% 60%
Total Clasts 110 112 101 703 111 101
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APPENDIX C
PALEOCURRENT MEASURMENT DATA 
Northem/Black Canyon Assemblage Section
(Measurements of imbricated clasts)
NS#1
N = 21 (Circle = 29%) So= 318 ,23
353,34 348,36 26,19 1,28 42,23 5,54 358,20 6,49
2,18 6,43 355,39 3,38 347,20 45,29 3,40 18,45
33,54 8,25 7,14 26,28 3,36
NS #2
N = 16 (Circle -  38%) So= 292, 36
356.30 345,39 306,25 10,40 346,42 352,32 328,53 305,33
342.20 334,26 357,34 46,32 352,47 336,25 351,51 332,24
NS #3
N = 11 (Circle = 18%) So = 325,15
270.26 270,28 285,26 306,21 255,44 285,30 288,25 221,18
306.26 257,26 286,18
NS#4
N = 9 (Circle = 22%) So = 330,26
245.21 250,44 284,20 238,36 291,19 276,54 278,35 301,29
224, 34
NS #5
N = 16 (Circle = 38%) So = 300,10
358,38 329,28 38,29 347,58 321,41 358,40 9,61 348,43
330.31 351,51 35,25 15,51 337,30 1,26 4,55 3,36
114
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NS #6
N =  13 (Circle = 31%) 8* = 9,9
18,44 28,47 23,34 49,35 357,40 53,40 18,45 24,35
354.33 359,59 33,39 12,48 21,43
NS #7
N = 15 (Circle = 33%) So = 60, 0
350.34 322,37 3,52 12,28 342,28 355,35 22,35 308,53
338,41 337,21 310,37 350,47 344,46 304,23 345,45
White Rock Canyon Section
(Measurements of imbricated clasts)
WRC#1
N = 15 (Circle = 27%) So = 117,11
296,50 359,36 300,24 304,36 19,26 300,70 341,40 304,18
3,35 397,6 292,31 348,23 351,15 22,23 355,26
WRC#2
N = 8 (Circle = 25%) So = 115, 3
10,27 356,40 0,36 25,55 40,47 352,30 7,37 17,6
Highway 93 Section
(Measurements of stream channel 
axes)
Road #1
N = 4 (Circle = 50%) So = 60, 5
252,0 245, 0 258, 0 248, 0
Road #2
N = 3 (Circle = 67%) So = 60, 5
240, 0 245, 0 238, 0
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APPENDIX D
COMPLETE ISOTOPIC DATA FROM SAMPLE 01BC19
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01BC19, sanidine, J = 0.001537 ± 0.5%
4 amu discrimination = 1.01758 ± 0.24%, 40/39K = 0.00 ± 0.0002%, 36/37Ca = 0.0002674 ± 2.70%, 39/37Ca = 0.0006820 ±  1.57%
8
( O '
3.
3"
CD
CD■D
O
Q .C
a
o
3
■D
O
CD
Q .
■D
CD
(/)(/)
Crystal T(C) t (min.) :*Ar :?Ar ^Ar 3»Ar '"Ar %'"Ar* Ca/K '®Ar*P®ArK Age (Ma) Is.d. anal err
1 1600 6 0.033 1.116 1.364 104.374 448.682 99.6 0.037976 4.252047309 11.752 0.071 0.03985
2 1600 6 0.047 1.086 1.811 139.347 600.447 99 0.02768 4.249506352 11.745 0.072 0.04166
3 1600 6 0.213 0.883 1.85 140.315 651.26 91.7 0.022351 4.238616649 11.715 0.072 0.04187
4 1600 6 0.064 0.713 1.183 91.467 404.039 97.3 0.027686 4.262574234 11.781 0.073 0.04312
5 1600 6 0.024 1.067 1.461 110.86 472.202 99.8 0.034184 4.224097327 11.675 0.07 0.03863
6 1600 6 0.074 0.512 0.639 46.652 220.985 93.7 0.03898 4.360228609 12.05 0.078 0.04954
7 1600 6 0.071 0.809 1.271 97.752 431.308 97 0.029394 4.252047309 11.752 0.072 0.04161
8 1600 6 0.046 2.344 1.022 77.292 335.283 98 0.107713 4.201955981 11.614 0.073 0.04424
9 1600 6 0.044 0.373 0.6 46.054 208.28 96.9 0.028766 4.290888874 11.859 0.088 0.06502
10 1600 6 0.025 0.323 0.653 49.44 213.273 99.6 0.023204 4.21030427 11.637 0.079 0.05344
note; isotope beams in mV rlsd = released, error in age includes 0.5% J error, all errors 1 sigma Mean ± s.d. = 11.758 0.11847
(Not corrected for decay) wtd mean = 11.74703 0.06039
Crystal 37/39C %39ArK total39 mol 39 Ar Wmdata WMs wfactor WxX 37d
1 0.0141 99.99903 903.553 6.26E-15 11.752 0.039853 629.6189 7399.281 1.327
2 0.0103 99.99929 8.36E-15 11.745 0.041658 576.2445 6767.992
3 0.0083 99.99943 8.42E-15 11.715 0.041868 570.4606 6682.946
4 0.0103 99.99929 5.49E-15 11.781 0.043118 537.8655 6336.593
5 0.0127 99.99912 6.65E-15 11.675 0.038631 670.0799 7823.183
6 0.0144 99.999 2.8E-15 12.05 0.049537 407.5083 4910.476
7 0.0109 99.99925 5.87E-15 11.752 0.041608 577.6132 6788.11
8 0.0399 99.99724 4.64E-15 11.614 0.044237 511.0188 5934.973
9 0.0107 99.99926 2.76E-15 11.859 0.065024 236.5127 2804.804
10 0.0086 99.99941 2.97E-15 11.637 0.053437 350.2007 4075.285
WtdMean Isd wJ
11.74703 0.014048 0.060392
CD
■D
OQ.
C
gQ.
g
1—H
3"
"O
CD
3
c/)w Crystal 39/40C 39/40err 36/40C 36/40err R2 36c 39c 40c %36err %39err %40err %37err
o’3 1 0.2343 0.365744 1.68E-05 4.240769 0.050024 0.007604 104.373 443.481 1.41 0.1 0.1 0.14
O 2 0.2331 0.371442 3.57E-05 5.029973 0.025486 0.021615 139.346 595.246 3.05 0.11 0.11 0.17
3
CD 3 0.2162 0.35622 0.000285 4.082257 0.067807 0.187687 140.3142 646.059 0.82 0.082 0.08 0.31
8 4 0.2283 0.377906 9.55E-05 4.439088 0.030425 0.038747 91.46635 398.838 1.926 0.138 0.1 0.656
5 0.2363 0.366056 1.31E-06 7.686089 0.004117 0.000621 110.859 467.001 6.564 0.128 0.062 0.161
ci' 6 0.2152 0.416065 0.000222 4.010085 0.284265 0.048818 46.65154 215.784 0.271 0.195 0.146 0.046
3" 7 0.2284 0.382327 0.000105 4.03121 0.103712 0.045713 97.75127 426.107 0.505 0.151 0.098 0.189
1 8 0.2948 0.358303 6E-05 4.109806 0.050243 0.020168 97.75127 330.082 0.948 0.094 0.076 0.256
CD 9 0.3789 0.352763 9.13E-05 6.450443 0.016185 0.018868 77.28988 203.079 5.061 0.047 0.092 0.321
10 0.2366 0.36386 4.03E-07 5.596814 0.006079 8.54E-05 49.43971 208.072 3.916 0.124 0.057 0.094
C
3 . Blanks:
3"
CD 1 0.027 5.443
3
"O
2 0.027 4.961
3 0.022 5.2
OQ. avg. = 0.025333 5.201333
a blnk corr beam errors
O
3 Crystal %36err %40err K/Ca 37/39err iVtdAge ’̂A %^"Ar rlsd Age (Ma)
■D
O 1 4.2262 0.257233 26.33237 0.509902 1.357538 11.55155 11.752
3" 2 5.0174 0.261283 36.12691 0.520961 1.811334 15.42217 11.745
<—H
CD 3 4.0675 0.250138 44.74113 0.577256 1.819258 15.5293 11.715
Q . 4 4.4251 0.257233 36.11918 0.824488 1.192599 10.12307 11.781
1—H 5 7.6784 0.244976 29.25316 0.522212 1.43245 12.26938 11.675
O 6 3.9932 0.278361 25.65441 0.520136 0.622164 5.16319 12.05
T3 7 4.0159 0.256462 34.02044 0.537515 1.271409 10.81866 11.752
(D
3 8 4.0952 0.248888 34.02044 0.552062 1.005296 8.554258 11.752d
(/)' 9 6.441 0.25423 9.283912 0.579353 0.591966 5.097006 11.614(/)
o' 10 5.5864 0.243758 43.09625 0.504591 0.636748 5.47175 11.6373
Blanks:
1
2
3
avg. =
0.92
1.814
9.218
3.984
0.49
0.143
0.079
0.237333
11.74076 mean= 
Is.d.- 
± 2 s.d.
11.7473
0.113596
11.97449
11.52011
0 0
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Sand Grain Tallies
3
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Sançle Number 01BC06 01BC09 OIBCIO OlBCll 01BC12 01BC13 01BC14 01BC15 01BC16
Qm - Quartz (monocrystaline) 82 38 52 44 51 68 51 65 57
Qp - Quartz (polycrystaline) 0 1 3 0 8 0 0 0 1
Chert 0 2 0 0 0 0 0 0 1
K - Potassium Feldspar 90 48 95 36 63 48 23 67 43
P- Plagioclase 55 133 87 91 100 97 197 91 114
Feldspar 8 15 13 11 9 13 2 6 6
Lv - Lithic (volcainc) 25 4 14 60 43 81 10 19 38
Lsm - Lithic (sedimentary) 15 12 7 14 12 11 3 27 14
Extrabasinal CaC03 0 0 0 0 0 0 0 0 0
Lm - Lithic (metamorphic) 0 0 0 0 0 0 0 1 0
Unidentified Lithic 2 2 2 1 1 3 1 5 3
Biotite 3 24 4 7 4 3 1 4 1
Muscovite 0 0 3 0 0 0 0 1 0
Chlorite 0 1 0 0 0 0 0 0 1
Heavy mineral 8 25 8 10 8 8 3 14 9
Cement 98 64 14 59 47 67 145 33 93
Matrix 13 24 27 33 25 24 10 34 14
Porosity 94 96 162 121 121 72 51 121 98
Unidentified 6 9 6 6 4 5 2 7 4
Opaque 1 2 3 7 4 0 1 5 3
Total 500 500 500 500 500 500 500 500 500
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Totals and Calculations
3
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Sample Number 01BC06 01BC09 OIBCIO OlBCll 01BC12 01BC13 01BC14 01BC15 01BC16
Qt - Total Quatrz 82 41 55 44 59 68 51 65 59
F - Total Feldspars 153 196 195 138 172 158 222 164 163
L 42 18 23 75 56 95 14 52 55
Lt - Total Lithics 42 21 26 75 64 95 14 52 57
Qm 29.6 14.9 19.0 17.1 17.8 21.2 17.8 23.1 20.6
F 55.2 76.9 71.4 53.7 59.9 49.2 77.4 58.4 58.8
Lt 15.2 8.2 9.5 29.2 22.3 29.6 4.9 18.5 20.6
Q 29.6 16.1 20.1 17.1 20.6 21.2 17.8 23.1 21.3
F 55.2 76.9 71.4 53.7 59.9 49.2 77.4 58.4 58.8
L 15.2 7.1 8.4 29.2 19.5 29.6 4.9 18.5 19.9
Qp 0.0 5.9 12.5 0 12.7 0 0 0 1.9
Lv 62.5 23.5 58.3 81.1 68.3 88 76.9 41.3 71.7
Lsm 37.5 70.6 29.2 18.9 19 12 23.1 58.7 26.4
Qm 36.1 17.4 22.2 25.7 23.8 31.9 18.8 29.1 26.6
P 24.2 60.7 37.2 53.2 46.7 45.5 72.7 40.8 53.3
K 39.6 21.9 40.6 21.1 29.4 22.5 8.5 30 20.1
P/F 0.4 0.7 0.4 0.7 0.6 0.6 0.9 0.6 0.7
%Mica 0.6 5.0 1.4 1.4 0.8 0.6 0.2 1 0.4
%heavy 1.6 5.0 1.6 2 1.6 1.6 0.6 2.8 1.8
%e CO3 0.0 0.0 0.0 0 0 0 0 0 0
N)
C D
■ D
O
Q .
C
g
Q .
■D
CD
C/)
o"3
O
8
ci'
3
3"
CD
CD■D
O
Q .
C
aO
3
■D
O
CD
Q .
■D
CD
C /)
C / )
Sançle 01BC17 01BC18 02DC19 02DC20 02DC21 02MF23 02BC26 02MF27 02MF28 02MF29
Qm - Quartz (mono) 40 42 29 24 43 48 52 43 45 56
Qp - Quartz (poly) 4 5 0 3 12 0 4 0 5 9
Chert 0 2 0 0 39 0 2 0 0 0
K - Feldspar 28 70 121 103 34 43 103 38 33 56
P- Plagioclase 104 118 46 26 87 81 128 55 85 90
Feldspar 6 11 3 6 18 4 8 2 9 12
Lv - Lithic (volcainc) 52 23 24 64 56 54 27 52 57 27
Lsm - Lithic (sed) 13 27 20 26 25 32 18 29 36 27
Extrabasinal CaC03 0 0 0 0 0 0 0 0 0 0
Lm - Lithic (meta) 2 2 0 2 5 0 1 0 0 0
Unidentified Lithic 4 4 4 4 6 5 7 3 1 6
Biotite 11 10 5 2 3 19 0 8 12 8
Muscovite 0 0 0 0 0 2 0 5 3 0
Chlorite 0 1 0 0 0 0 2 1 2 0
Heavy mineral 13 13 12 12 10 22 14 25 20 34
Cement 109 3 185 151 81 134 71 153 63 113
Matrix 27 19 32 42 38 27 24 34 21 31
Porosity 77 136 8 27 29 21 25 41 99 19
Unidentified 6 9 6 6 10 6 9 8 8 10
Opaque 4 5 5 2 4 2 5 3 1 2
Total 500 500 500 500 500 500 500 500 500 500
bJbJ
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Totals and Calculations
Sançle 01BC17 01BC18 02DC19 02DC20 02DC21 02MF23 02BC26 02MF27 02MF28 02MF29
Qt - Total Quatrz 44 49 29 27 94 48 58 43 50 65
F - Total Feldspars 138 199 170 135 139 128 239 95 127 158
L 71 56 48 96 92 91 53 84 94 60
Lt - Total Lithics 75 63 48 99 143 91 59 84 99 69
Qm 15.8 13.8 11.7 9.3 13.2 18.0 14.9 19.4 16.6 19.8
F 54.5 65.5 68.8 52.3 42.8 47.9 68.3 42.8 46.9 55.8
Lt 29.6 20.7 19.4 38.4 44.0 34.1 16.9 37.8 36.5 24.4
Q 17.4 16.1 11.7 10.5 28.9 18.0 16.6 19.4 18.5 23.0
F 54.5 65.5 68.8 52.3 42.8 47.9 68.3 42.8 46.9 55.8
L 28.1 18.4 19.4 37.2 28.3 34.1 15.1 37.8 34.7 21.2
Qp 5.8 9.1 0.0 3.2 12.9 0.0 8.2 0.0 5.1 14.3
Lv 75.4 41.8 54.5 68.8 60.2 62.8 55.1 64.2 5 8 2 42.9
Lsm 18.8 49.1 45.5 28.0 26.9 37.2 36.7 35.8 36.7 42.9
Qm 23.3 18.3 14.8 15.7 26.2 27.9 18.4 31.6 27.6 27.7
P 60.5 51.3 23.5 17.0 53.0 47.1 45.2 40.4 52.1 44.6
K 16.3 30.4 61.7 67.3 20.7 25.0 36.4 27.9 20.2 27.7
P/F 0.8 0.6 0.3 0.2 0.6 0.6 0.5 0.6 0.7 0.6
%Mica 2.2 2.2 1.0 0.4 0.6 4.2 0.4 2.8 3.4 1.6
%heavy 2.6 2.6 2.4 2.4 2.0 4.4 2.8 5.0 4.0 6.8
%e CO3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
U)
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^  SiOz* TiOz AI2O3 FejOa MnO MgO CaO BaO N%,0 K2O Cl F O Oxide
I  Sanyle n+ [ 355] [.007] [.055] [0.02] [.004] [.007] [.008] [.010] [.212] [0.34] [.004] [.29] [.632] Total Total _Q H^O Total D
g  02MF30 21 34.96 0.043 6.32 0.69 0.050 0.017 0.280 0.006 2.13 4.21 0.093 0.02 50.78 99.60 96.33 0.03 3.71 100.01 0.0
188-30 19 34.41 0.034 6.21 0.65 0.048 0.018 0.269 0.013 1.52 5.86 0.088 0.00 51.09 100.21 96.00 0.02 4.75 100.73 2.2
-  188-31 18 33.69 0.036 6.18 0.66 0.048 0.020 0.260 0.002 1.64 5.77 0.096 0.165 51.59 100.16 94.63 0.09 6.32 100.86 2.3
i3
CD
+ Number of glass shards per sanq)le.
^  * Wt% of oxides and elements. Numbers in brackets are estimated analytical precision (la )
3"
CD
^ Note: D-value is "Euclidean distance between the analyses when concentrations are normalized by the estimated
^ analytical error (numbers in brackets). D-value based on Ti, Fe, Mn, Mg, Ca, and Cl elements. D-values less than
Q .  3.6 suggest samples are statistically indistinguishable" (M. E. Perknins, per. comm., 2003).
o
o
■D
O
CD
Q .
■D
CD
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